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                                        “Here, you see, it takes all the running  
                                         you can do, to keep in the same place.  
                                   If you want to get somewhere else,  
                                                 you must run at least twice as fast as that!” 
 
                                         Lewis Carroll - Alice in Wonderland 
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cMB420 = DVS crosslinked hyaluronic acid microbeads prepared using 420 
µl of DVS per 10 ml of the 2.5% HA solution 
CT = Corneal Topographer  
Cys, C = L Cysteine 
D2O = deuterium oxide 
DCM = Diclhoremethane  
DMF = Dimethyl formamide  
DNA = deoxyribonucleic acid 
DOPA= L-3,4-Dihydroxyphenylalanine 
DTT = ditiotreitiol 
DVS = Divinyl sulfone 
ECM = extra cellular matrix 
EDAC = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride  
EDC = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
ESEM = Environmental Scanning Electron Microscope 
fcMB = fluorescent DVS crosslinked hyaluronic acid microbeads 
fcMB350 = fluorescent DVS crosslinked hyaluronic acid microbeads 
prepared  using 3500 µl of DVS per 10 ml of the 2.5% HA solution 
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Nature 2004). 
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Figure 3.1.  – Collagen Binding Fragment assay of  CIBF-biotin after 
detection with streptavidin stained with ATTO 647 N dye: a) white light 
transmission and b, c) fluorescence images of CIBF binding on collagen type 
I fibrillated on mica; d) white light transmission and e, f) fluorescence images 
of CIBF binding on porcine derma; f) white light transmission and (g, h) 
fluorescence images of CIBF binding on human derma; i) white light 
transmission and l, m) fluorescence images of CIBF binding on human 
cornea. 
Figure 3.2.– Synthetic scheme and action mechanism of DVS-crosslinked 
microbeads HA-based: a) preparation of fcMB by single emulsion technique; 
b) amide group formation between MB-COOH and peptide-NH2; c) final 
microbeads (fcMB-CIBF) specialized for specific and selective recognition 
of collagen type I in eukaryotic tissue; d) tissue covering mediated by fcMB-
CIBF; e) microbeads deformation upon peptide interaction forces and HA 
layer formation; e) representative molecular binding between peptide and 
site-binding on collagen. 
Figure 3.3. – DVS-crosslinked microbeads HA-based stained with ATTO 
647N dye, morphological characterization:  
- LSCM: a) white light transmission and b) fluorescence images. 
- SEM: c) microphotographs of loaded fcMB (Magnification 937X and EHT 
= 10.00 KV). 
Figure 3.4. – Swelling behaviour of microbeads: Top) the relationship 
between diameter versus velocity of stirring is reported for both different 
crosslinked swollen and dried microbeads; bottom) swelling equations of 
fcMB350 and fcMB420 are respectively reported, assuming that the slope of 
the line coincides with the swelling factor. 
Figure 3.5. – fcMB-CIBF-biotin, ATTO 647 N labelled streptavidin binding 
assay: white light transmission and fluorescence images of a, b) fcMB 
unfunctionalized show adsorption of fluorescent streptavidin; c) shows a 
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fluorescent crown formation due to molecular recognition between biotin and 
streptavidin. 
Figure 3.6. – LSCM analisys: a) bright-field, b) fluorescence and c) white 
light transmission images of CIBF-biotin and collagen recognition as well as 
biotin and Strepdavidin coated microspheres (480, 520) Dragon Green. 
Figure 3.7. – Collagen covering ability of fcMB-CIBF with different 
conjugation degree. Overlapping of white light transmission and fluorescence 
images: fcMB420-CIBF prepared using 50 mg of fcMB420 and a) 1.5, b) 2.5 
and c) 3.1 mg of CIBF.  
Figure 3.8. - LSCM characterization of fcMB-CIFB abilities to cover human 
derma and cornea of the eye: fluorescence images show a, d, g) non-adhesive 
capability of unfunctionalised fcMB; adhesive abilities of fcMB420-CIBF 
and fcMB350-CIBF on b, c)  fibrillated collagen, e, f) human derma and h, i) 
human cornea.  
Figure 3.9. – LSCM fluorescent images: a) and b) show the photo-frame 
overlapping on overall z-stuck of 75 µm of human cornea treated with 
fcMB420-CIBF and fcMB350-CIBF: both microbeads show abilities to form 
a layer of about 34 and 20 µm respectively. OCT analysis of untreated c) and 
treated d) human cornea with fcMB420-CIBF: in according to fluorescence 
analysis, OCT images show the formation of the layer with a thickness of 
about 34 µm. CT analysis for untreated e) and treated human f) cornea show 
the light scattering relative to a slow water evaporation from formed HA 
layer. 
Figure 3.10. - Images acquired by optical microscope show:  
- b) single microbead deformation (magnification 10X) with frontal 
observation and four different focuses; 
- c) microbeads deformations (magnification 20X) in axial observation. 
Figure 3.11. - Illustrative picture of supposed microbeads deformation 
mechanism: 
- top) view of deformation along x-axis;  
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- bottom) view of deformation along z-axis.   
Figure 3.12. - Optic microscope picture. From the right to the left: camera, 
objective, simple, light filter and visible light source. 
Figure 3.3. - Recognition, adhesion and HA layer formation of fcMB420-
CIBF loaded on human derma. Photo-frame images were collected using a 
homemade optical microscope. The layer formation was completed after 420 
seconds.   
Figure 4.1. – a) General synthetic scheme of supramolecular hydrogels by 
methacrylation of branched PEI: a) indicative reaction scheme of branched 
PEI (Mw ∼ 25 kDa) with methacrylic anhydride and triethylamine in 
dichloromethane; photograph of hydrogel after swelling in water b) PEI-MA 
3; c-e) PEI-MA 4 and d) PEI-MA 5. 
Figure 4.2. - ATR-FTIR absorbance spectra of dried branched PEI and 
methacrylated PEI hydrogels (PEI-MA) collected under ambient conditions. 
Figure 4.3. - 1H NMR spectra at 700 MHz of methacrylated branched PEI 
hydrogels in D2O at 25 °C. The peaks at 2.5-3.0 ppm were assigned to 
protons of PEI backbone, the characteristic peak at 1.70-1.75 ppm (a) to 
methacrylated secondary amines [−NH−COC(CH2)CH3] and the peak at 2.0-
2.1 ppm (b) to methacrylated tertiary amines [>N− COC(CH2)CH3]. 
Figure 4.4. – Histogram of percentage of secondary (in blue) and tertiary (in 
red) methacrylated amines via H1-NMR calculated: evidence of secondary 
amines of starting branched PEI more reactive of primary amines and 
periodic characteristics of methacrylation reactions varying only methacrylic 
anhydride molar ratio with respect to total amount of amines. 
Figure 4.5. - Confocal fluorescence microscopy images of PEI-MA 4 stained 
with ATTO 657N  imaged by a HeNe excitation laser at 633 nm, 
detecting 650-750 nm emission band: images show the conformational 
arrangement of PEI-MA 4 hydrogel at 4 ˚C (left) and 40 ˚C (right), that are 
typical for supramolecular hydrogels.   
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Figure 4.6.- SAXS data/analysis, spectra in the region of the scattering 
vector q between 0.1 and 0.3 Å-1. PEI hydrogels show structure with 
dimensions of around 9 nm, assumed as lamellae organization. 
Figure 4.7. - Confocal fluorescence microscopy imaged sequences (b-d-f) 
show a z-stack of 10-µm-thick sections across 50 µm of PEI-MA 3, 4 and 5 
respectively and white light transmission images (a-c-e) showing the porous 
microstructure of the supramolecular PEI-MA hydrogels labeled with Alexa 
Fluor® 350 dye. g-h-i) overlapping sequences shows a z-stack of 300-µm-
thick sections across of hydrogels samples. All scale bars are 50 µm. 
Figure 4.8. – Titration curves by 0.1 N HCl for the branched PEI (red line), 
PEI-MA 3 (blue line), PEI-MA 4 (black line) and PEI-MA 5 (green line). 
Figure 4.9. - Confocal fluorescence microscopy imaged sequences (left) and 
white light transmission images (bottom) showing the porous microstructure 
of the supramolecular PEI-MA 4 hydrogel labeled with ATTO 647 N dye; 
different pores size and distribution at varying pH values were observed: 
from open structure in image a) to close structure in image i) with increasing 
pH value. All scale bars are 30 µm. Fluorescence images (m-n-o) showing 
overlapping sequences with a z-stack of 10-µm-thick sections across 300 µm. 
All scale bars are 50 µm. 
Figure 4.10.– plasmid DNA entrapping and release kinetics using elution 
buffer obtained from 10 mM NaCl in 50mM NaOH with final pH of 12.57.  
Figure 4.11. – Electrophoresis experiments on agarose gel to demonstrate 
that  DNA integrity is preserved during  entrapment as well as upon  elution 
step. 1-2) DNA sample T0 ; 3-4-5) PEI-MA 4 supernnatant during entrapping 
DNA; 6-7-8) PEI-MA 5 surnatant during entrapping DNA; 9-10) PEI-MA 3 
surnatant during entrapping DNA; 11) DNA molecular weight ladder; 12) 
Eluted DNA from PEI-MA 4 and 13) Eluted DNA from PEI-MA 5. 
Figure 5.1. - Preparation of photoactive supramolecular hydrogels by 
methacrylation of branched PEI: a) reaction scheme of branched PEI (Mw ∼ 
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25 kDa) with methacrylic anhydride and triethylamine in dichloromethane; 
b) photograph of PEI-MA hydrogel after swelling in water overnight; c) laser 
patterning. 
Figure 5.2. a) 1H NMR spectra at 700 MHz of methacrylated branched PEI 
in D2O at 25 °C. The peaks at 2.5-3.0 ppm were assigned to protons of PEI 
backbone, the characteristic peak at 1.70-1.75 ppm (a) to methacrylated 
secondary amines [−NH−COC(CH2)CH3] and the peak at 2.0-2.1 ppm (b) to 
methacrylated tertiary amines [>N− COC(CH2)CH3].  b) ATR-FTIR 
absorbance spectra of dried PEI and methacrylated PEI (PEIMA) collected 
under ambient conditions. 
Figure 5.3. - Confocal fluorescence microscopy images (left panels) and 
white light transmission images (right panels) showing the porous 
microstructure of the supramolecular PEIMA hydrogel labeled with Alexa 
Fluor® 350 dye. The sequence shows a z-stack of 10-µm-thick sections across 
50 µm of hydrogel sample. All scale bars are 100 µm. 
Figure 5.4. – Fluorescence and white light trasmission images of 
photopatterning by two-photon near-IR activation at λ = 1000 nm. Left: 
fluorophores photobletching, right: direct photopatterning of PEI-MA 
hydrogels in solutions. a) methacryloxyethyl thiocarbonate rhodaamine B 
shows labile photobleaching and pronounced pattern, b) Alexa Fluor®350 
carboxylic acid succinimidyl ester shows pronounced photobleaching and 
pattern, c) 6 aminofluorescein shows labile photobleaching and pattern 
probably due to low yield of Michael-type addition and d) ATTO 647N free 
carboxylic group shows resistance to photobleaching but exaltation of 
fluorescence of the  dye bound in pronounced pattern.   
Figure 5.5. - Top: white light transmission images of direct photopatterning 
of PEI-MA hydrogels in solutions of (a) biotin-COOH and in comparison 
with experiments in (b) biotin-NH2 solution where no patterning can be 
observed. Bottom: white light transmission images of direct photopatterning 
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of PEI-MA hydrogels in solutions of RGD. c) Hydrogel surface without 
photoactivation, b) direct photopatterning and c) direct photopatterning of 
hydrogel at micro spatial resolution. 
Figure 5.6. - White light transmission images of PEI-MA hydrogel in  
solution without functional probes. No imprinting is visible before and after 
multiphoton laser irradiation at wavelengths of 680 nm (top) and 1000 nm 
(bottom). Scale bars are 100 µm.  
Figure 5.7. - White light transmission images of direct photopatterning by 
two-photon near-IR activation at λ = 1000 nm of PEI-MA hydrogels in 
solutions of (a, b and b1) biotin-COOH; a1, a2 and b2) fluorescence images 
and sequential patterning of PEI-MA hydrogels with biotin-COOH and 
recognition using strep-ATTO-647N; c) grayscale histograms corresponding 
to fluorescence intensities from selected ROIs (70×70 µm2) showing the 
effect of the additional patterning on the intensity signal from the fluorescent 
dye. 
Figure 5.8. - Fluorescent images of direct photopatterning of PEI-MA 
hydrogels in solutions of  biotin-COOH  by two-photon near-IR activation at 
λ= 680 nm and 1000 nm and recognition of the biotin-patterned hydrogel 
interface with fluorescent streptavidin (strep-ATTO-647N). Image shows 
fluorescent intensity relative to  photoactivation with different wavelenghts 
of the laser source. 
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Table 4.3. - Physiological buffering capacity defined as the change in 
protonation per amine between pH 8.6 and 5.6 and expressed in mol H+/mol 
N. V HCl is the volume of 0.1 N HCl added to  equilibrate the hydrogels at 
pH 8.6 and 5.6. 
Table 4.4. - Plasmid DNA (µg/mg) entrapped and released from PEI-MA 3 
(blue line), PEI-MA 4 (red line) and PEI-MA 5 (green line) hydrogels; 
percentages of plasmid DNA entrapped and released. 
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1. INTRODUCTION  
 
Peptide-conjugated hydrogels for cell and tissue recognition: state of art 
 
Biomaterials is “...a substance that has been engineered to take a form which, alone or as 
part of a complex system, is used to direct, by control of interactions with components of 
living systems, the course of any therapeutic or diagnostic procedure...”1 
 
 
The development of biomaterials for tissue engineering and regenerative 
medicine applications has recently focused on the design and synthesis of 
biomimetic materials that are capable of eliciting some specific responses to 
cell and tissue mediated by biomolecular recognition, which can be 
manipulated by altering design of the material. Biomolecular recognition of 
materials by cells and tissue has been achieved by surface and bulk 
modification via chemical or physical methods, with bioactive molecules as 
short peptide sequences that can incur specific interactions with cell receptors 
or tissue binding-site. Starting point for designing interactive materials is to 
functionalize surfaces with factors that promote the adhesion and survival of 
selected cell types, involved in the wound healing or tissue regenerative 
process2.  Hydrogels represent one the most popular materials used in tissue 
engineering and regenerative medicine for their versatile properties. They can 
mimic the tissues composition regarding biological and mechanical 
sustainability. These soft materials can be obtained by several chemical and 
physical procedures using synthetic or natural materials. In the last decades, 
hydrogels have aroused particular attention for scientific community, because 
they can be specialized to mimic remarkable biological processes. Hybrid 
hydrogels are usually referred to as hydrogel systems with components of at 
least two distinct classes of molecules, for example, synthetic polymers and 
biological molecules, interconnected either covalently or noncovalently.3-4 
Peptide and/or protein segments have been also used to introduce 
degradability,5-6 temperature-induced phase transition,7 and sensitivity to the 
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presence of biologically active molecules8 into the hybrid hydrogel structure. 
Thus, when they are designed to give dynamic responses, in these cases 
defined also smart materials, they can be used as potentially synthetic ECM 
to that one natural alternative, which can interact with cell receptors or with 
sequences for binding sites of the biological tissues. Peptides, instead, are the 
smallest bioactive entities contained in a protein and they are responsible, in 
particular way, of full chemical interactions and spatial arrangement, which 
together supply the biological recognitions. Bio-hydrogels can thus be 
applied to a very broad spectrum of research and clinical functions, ranging 
from surgical adhesives to materials for tissue and cell culture. For example, 
biomimetic hydrogels can provide biological cues for cell–matrix interactions 
to promote tissue growth, diagnostic sentence of biomolecules, cells 
screening and adhesive interactions on tissues injury. 
 
1.1. Peptide for cell and tissue recognition: using biology as a guide.  
 
In nature, the viability of biological systems is sustained via specific 
interactions among the tens of thousands of proteins, the major building 
blocks of organisms from the simplest single-celled to the most complex 
multicellular species. These molecular interactions are accomplished with 
molecular specificity and efficiency leading to the formation of controlled 
structures and functions at all scales of dimensional hierarchy. Through 
evolution, Mother Nature developed molecular recognition by successive 
cycles of mutation and selection. Molecular specificity of probe-target 
interactions, ligand-receptor, antigen–antibody, is always based on specific 
peptide molecular recognition9. Using biology as a guide, is now possible 
understand, engineer, and control peptide interactions and exploit them as a 
new design tool for novel materials and biosystems. In scientific literature 
many papers have highlighted recent advances in the use of peptides, as 
essential part for the design of new soft or smart biomaterials. They can be 
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very practical for new material synthesis and device fabrications for a wide 
range of applications in regenerative medicine and tissue engineering. 
Peptides and proteins have superior specificity for target binding as seen in 
the antibody recognition10 and this biological recognition function, for 
example, can be used to induce signal transduction pathways in cells11-12, to 
recruitment of biomolecules13, to promote cellular adhesion14-17 and cell and 
tissue penetration18-19 and also as specific diagnostic markers for tissue and 
cell recruitment and identification type20.  The use of peptides at interfaces 
holds many advantages compared to entire protein immobilization or 
physisorption. Whole proteins, as example fibronectin and vitronectin, or 
protein fragments have been chemically conjugated or physically adsorbed 
over surfaces to developed improved materials21. A major limitation related 
to simple use of whole proteins is that they can denature, causing a 
significant conformational change and consequently reduced affinity for a 
particular cell or tissue. Furthermore, the protein can be bonded or adsorbed 
in an orientation that makes the cell binding domains inaccessible to cell or 
tissue surface receptors. Therefore, the use of peptides, as minimal 
bioactivated sequences that possess binding affinities similar to that of the 
parent protein, are an attractive approach, since both the surface density and 
orientation can be more simply controlled. In addition, if compared to 
proteins, peptides are easily synthesized and purified, are relatively 
inexpensive, do not rely on tertiary structure for bioactivity, are less 
susceptible to enzymatic degradation, are less likely to elicit an immunogenic 
response, and do not denature. One of the most popular peptides, widely 
described in literature is RGD (Arg-Gly-Asp). The RGD sequence is the cell 
attachment site of a large number of adhesive extracellular matrix, blood, and 
cell surface proteins, and nearly half of the over 20 known integrins 
recognize this sequence in their adhesion protein ligands22. Such peptides 
promote cell adhesion when conjugated onto a surface, and inhibit it when 
presented to cells in solution. In this way, the RGD can be chemically 
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conjugated to polymeric materials to give a biomedical platforms where the 
biomaterial-recognition activity of adhesion proteins can be reproduced by 
short synthetic peptides23.  This minimum motif cooperates with synergistic 
amino acid sequences like Pro-His-Ser-Arg-Asn (PHSRN), which help to 
maintain appropriate spatial conformations of ligands as well as receptors24-
25
. Other short peptide fragments like YIGSR and IKVAV, which are derived 
from laminin, REDRV, and LDV from fibronectin, are also known to 
mediate different cellular responses26-27. Some tissue hierarchical structures 
are originated from molecular recognition between peptides sequences to 
give self-assembly as, for example, in the case of collagens fibres. They are 
assembled, in supramolecular manner, from triple helix peptides in micron-
size with precise recognition between peptides10 and successively fibres are 
highly stiffened after crosslinking formation in extracellular spaces, mediated 
by appropriate enzymes. Collagen is the major component of the extracellular 
matrix of  connective tissues and provides structural support: collagen can 
also affect cell behaviour and gene expression through interactions with other 
matrix proteins and cellular receptors. For example, integrins domains α1β2 
and α2β1 are the major collagen receptors on the surface of eukaryotic 
cells28. In other hand, those cell-integrin receptors are able to recognize on 
collagen specific binding site for molecular recognition and cellular 
attachment. Adopting techniques based on screening of recombinant 
fragment peptide pool, is been possible to isolate collagen binding fragment 
(CBF) able to recognize some molecular determinants on collagen type I in 
specific and selective way29-31.  One of the sequences isolated, NH2-Gly-Cys-
Glu-Asp-Ser-Glu-Thr-Arg-Thr-Phe-Tyr-COOH, in particular way, showed 
high binding affinity with collagen type I binding site and, for example, can 
be utilized in molecular recognition of collagen tissue.  
These versatile functions of peptides are extremely practical for relevant 
applications, as already above mentioned, in widely field of scientific interest 
in biomedicine and tissue engineering but also including nanoreactors, 
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sensors, electronics, and stimulus-responsive materials which essentially 
bridges the nano-world and the micro-world.  
 
 
1.2. Hydrogels material: using chemistry to manipulate matter.  
 
Hydrogels are polymeric materials distinguished by high water content and 
diverse physical properties32. Hydrogels, due to their unique properties, 
flexible methods of synthesis, range of constituents, and desirable physical 
characteristics, are preferable materials using for many applications in 
regenerative medicine and tissue engineering. They can serve as scaffolds 
that provide structural integrity to tissue constructs, control drug and 
biomolecules delivery to tissues and cultures, and serve as adhesives or 
barriers between tissue and material surfaces33. Due to the various possible 
definitions of a hydrogel, different methods of classification are possible. 
They can be classified into different categories depending on the preparation 
method, the nature of chemical bounding formed, the chemical o physical 
Figure 1.1. - Chemical structures of several bioactive peptides 
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interactions between polymer chains and the mechanical and structural 
characteristics. Hydrogels, in agreement to first scientific definition, are 
physically or chemically cross-linked polymer networks that are able to 
absorb large amounts of water34. The second definition is related to hydrogels 
as macromolecular networks swollen in water or biological fluids35. 
Furthermore, classification can be made according to the physical structure: 
amorphous, semicrystalline, hydrogen-bonded, supramolecular, or 
hydrocolloidal. They are prepared by chemical polymerization or by physical 
self-assembly of synthetic or natural occurring polymeric building blocks. 
Most commonly, these building blocks are macromolecules in a variety of 
architectures, including cross-linked polymers, entangled fibrillar networks, 
colloidal assemblies, amphiphilic assemblies and supramolecular 
assemblies36 (Figures 1.2., 1.3., 1.4.).  Typical examples of synthetic and 
natural polymers that are used to form hydrogels for biomedical applications 
are poly-acrylic acid (PAAc)37, poly (vinyl chloride) (PVA)38, poly (ethylene 
glycol) (PEG)39, poly (ethylene oxide) (PEO)40, poly-N- isopropylacrylamide 
(PNIPAM)41, collagen42 and many different polysaccharides as hyaluronic 
acid (HA)43, chitosan44 and sodium alginate45. Crosslinked hydrogels network 
can be obtained using many different chemistry reactions46. The most popular 
methods of hydrogels network formation is photopolymerization, combined 
to curing agent (photoinitiator), of polymers modified with double bonds 
(acrylate or methacrylate groups)47. Other interesting hydrogels preparation 
method is given by thiol-ene photopolymerization reaction.  This reaction is a 
highly efficient, radical mediated reaction between a thiol and an alkene 
groups on polymers material. A radical source, or photoinitiator in the 
presence of light, extracts an hydrogen from a thiol forming a thiyl radical 
which can add across a carbon–carbon double bond48. Other again interesting 
chemical mechanism for the crosslinked hydrogel is defined 
“autocrosslinking”. This method is widely utilized to reticulate 
polysaccharides having free primary hydroxyl groups. A particular example 
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is given by vinyl sulphone (DVS) to reticulate structure through sulfonyl bis-
ethyl linkages between the hydroxyl groups of hyaluronic acid forming ether 
bounds49. In literature are reported many further methods for crosslinked 
hydrogels preparation by condensation reactions of multifunctional reactants. 
Examples of the reactant groups include reactions of isocyanates and 
amines50 or alcohols51 to form urea or urethane bonds, amines or thiols and 
vinyl groups to form amines or sulfides by Michael additions52-54, amines and 
active esters such as N-hydroxy succinimide to form amides55-56, acids or 
acid chlorides and alcohols to form esters57 and  aldehydes and amines to 
form Schiff bases58. In the last years, a further class of hydrogels, defined 
supramolecular hydrogels, have raised a remarkable interest from scientific 
community. The supramolecular crosslinking of polymer chains in water by 
specific, directional and dynamic non-covalent interactions, such as hydrogen 
bonding, π–π stacking, metal complexation, ionic, and solvophobic 
interactions, has led to the development of novel supramolecular polymeric 
hydrogels. These aqueous polymeric networks constitute an interesting class 
of soft materials exhibiting attractive properties such as stimuli-
responsiveness and self-healing arising from their dynamic behaviour and 
they are crucial for a wide variety of emerging applications59-60. In addition 
aqueous supramolecular chemistry has unlocked a versatile toolbox for the 
design and fine-tuning of the material properties of these hydrogels, even if 
the relationship between molecular structure, biocompatibility and 
mechanical properties of supramolecular hydrogels still remains a 
challenge61. A supramolecule is a system of two or more molecular entities 
held together and organized by means of inter-molecular non-covalent 
binding interactions62 and in the cases of polymers material, they are 
modified ad-hoc with chemical entities able to recognize their molecular 
determinants to give molecular recognition and successfully interactions, thus 
the functional polymeric precursor (polymeric building blocks) can easily 
assembly to form supramolecular hydrogel59 (figure 1.5.). Various 
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supramolecular structures as hydrogels, also including micelles, vesicles, 
tubes, fibers and films, which have been prepared through the primary self-
assembly processes, have aroused the scientific attention due to the great 
advantages in biomedical applications63. In particular, self-assembly of 
amphiphilic hyperbranched polymers (HBPs) represent a newly emerging 
class of materials, because exploiting their abilities to give precise 
hierarchical structures is possible to mimic those ones biological like ECMs. 
For example, hyperbranched polymer vesicles have demonstrated great 
potential to be used as model membranes to mimic cellular behaviours, such 
as fusion, fission and cell aggregation64.  
 
Figure 1.2. - Schematic hydrogels formation by chemical modification of hydrophobic polymers. 
Examples of these types of hydrogels include (a) the partial hydrolysis of the acetate groups to –OH 
groups in conversion of PVAc to PVA, and (b) the partial hydrolysis of PAN to a polymer 
containing varying concentrations of acrylonitrile, amide and carboxyl pendant groups. In either case 
the resulting gel may be subsequently covalently crosslinked. (Hoffman, A. S. et al. Advanced drug 
delivery reviews 2012) 
 
Figure 1.3. - Schematic of methods for formation of two types of ionic hydrogels. An example of an 
‘ionotropic’ hydrogel is calcium alginate, and an example of a polyionic hydrogel is a complex of 
alginic acid and polylysine. (Hoffman, A. S. et al. Advanced drug delivery reviews 2012). 
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Figure 1.4. - Schematic of methods for formation of crosslinked hydrogels by free radical reactions, 
including a variety of polymerizations and crosslinking of water-soluble polymers. Examples include 
crosslinked PHEMA and PEG hydrogels. (Hoffman, A. S. et al. Advanced drug delivery reviews 
2012). 
 
 
Figure 1.5. - Supramolecular hydrogel self-assembly (Hoffman, A. S. et al. Advanced drug delivery 
reviews 2012) 
 
1.3. Peptides conjugated to hydrogels: several bioconjugation chemistry 
strategies  
 
The remarkable ability of biological molecules to recognize, sort, and process 
complex sources of information continues have inspired novel approaches to 
the fabrication of smart macromolecular systems. Extensive studies have 
been performed to render materials biomimetic. The surface or bulk 
modification of biomaterials with bioactive peptides is a simple way to make 
biomimetic materials65. By combining  the complex functions or recognition 
abilities of biological systems, synthetic chemistry strategies, photoctivation 
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chemistry and abilities of several macromolecules to give  supramolecular 
materials, have been designed micro and nanometer architectures that 
integrate features such as specific for potential applications in biomedicine, 
clinical diagnostic and tissue engineering including the wounds repairing. In 
biological systems, most biochemistry reactions occur at the surface/interface 
with order and precision. The understanding of these surfaces and their 
reactions represents an important avenue to improve and develop 
biocompatible biomaterial surfaces, which means designing biomimetic 
material surfaces66. Bioconjugation involves the linking of two or more 
molecules to form a novel complex having the combined properties of its 
individual components. Natural or synthetic compounds with their individual 
activities can be chemically combined to create unique substances possessing 
carefully engineered characteristics. A peptide able to bind discretely to a 
target molecule within a complex mixture, may be covalently bonded with 
another molecule or capable of being detected to form a traceable 
conjugate67. However, is possible to apply different bioconjugation chemistry 
strategies, showing particular attention for the choice of the reaction 
conditions regarding solvents and peptides solubility properties, which often 
represented important limitations. Peptides can be activated introducing at N-
terminal or C-terminal regions or on site-specific modification at Arg, Asp, 
Cys, Gln, Glu, Gly, His, Lys, Met, Phe, Ser, Thr, Trp, Tyr and Val residues 
not involved for peptide bioactivity, with chemical reactive entities 68. 
Bioconjugation chemistry strategies today, fortunately offer a wide range of 
possible procedures useful to covalently bond a peptides or biomolecules to 
dried and swollen hydrogel already formed or by single building blocks as 
precursors of final hydrogel. Examples of specific chemistries useful to 
bioactive surfaces hydrogels or incorporate peptides into biomaterials, as also 
reported in Figure 1.6.,69 including commercially accessible crosslinkers67, 
Michael addition of cysteine-containing peptides to vinyl sulfones, acrylate 
or maleimide conjugation70-71, coupling with succinimidyl carbonate and 
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related formation of polyurethane linkers72, amine/carboxylic acid coupling 
using EDC/EDAC and NHS,73-74 chemoselective chemistries such as “click” 
chemistries75-76  and native chemical ligation.77-78 Otherwise, photoactivatable 
UV-initiated cross-linking and in situ synthesis represent an alternative 
procedure to covalently bond a peptide to polymers previously activated with 
acrylic, methacrylic or succinimidyl ester groups79-81.  One of the most 
important considerations related to smart biomaterials development is given 
by spatial presentation of biological signal in the cell and tissue recognition82. 
In other hand, the assessment of subtle changes in peptide structure affecting 
cell and tissue signaling requires a model system that allows the control of 
peptide sequence, conformation, orientation, presentation and provides the 
ability to systematically tether multiple ligands to an interface. Current 
microfabrication methods for 3D hydrogel matrices with controlled intrinsic 
structure mainly include photolithographic patterning83, microfluidic 
patterning83 and electrochemical deposition84. These tecniques have been 
significant developments to regulate spatial and temporal distribution of 
biomolecules in various materials, even if the most micropatterning 
techniques are applicable only for two-dimensional patterning85. In the last 
decade another very interesting techniques for immobilize peptides and other 
biomolecules on or into hydrogels is showed by photochemical 
immobilization strategies using two-photon irradiation86-87. 
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Figure 1.6. - Several chemistry strategies for immobilize peptides 
 
 
1.4. Peptide-conjugated hydrogels: properties and applications  
 
Biomimetic hydrogels are involved in many biomedical applications, on the 
strength of the related biological and specific fields of interest88. They can be 
engineered to resemble the extracellular environment of the body’s tissues in 
ways that enable their use in medical implants, biosensors, and drug-delivery 
devices89. In order that, cell or tissue compatible hydrogels are used as 
biomedical devices, they essentially may be designed by mean a strategy of 
corresponding control over physical properties and bioactivity to influence 
specific interactions with cellular or tissues systems and for modulate cell 
behaviour may be included spatial and temporal patterns bioactive 
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molecules85. The interrelationship between the hydrogel processing, 
structure, properties and performance results be complicated by a 
performance criteria characterized by a multitude of molecular interactions at 
the cell/material interface, including transport properties such as sustained 
release, tissue interactions such as bioactivity, and chemical stability such as 
degradability32. With tissue-recognition compatible hydrogels, the 
interrelationship between hydrogel and tissue depending by spatial 
disposition of bioactive signal and mechanical sustainability of the hydrogel. 
In any cases the peptide-conjugated hydrogel may present five important 
properties for biomedical applications, which are degradation, bioadhesion, 
bioactivity, transport (for example, controlled release of bioactive molecules 
or oxygen), and biomechanical compatible properties90. Hydrogels can be 
cast into practically any shape, size, and form91 and can be easy conjugated 
with peptides on hydrogels surface or they can be internalized into network 
previously conjugated to starting polymers. The spatial and local peptide 
immobilizations to hydrogel allow investigating many biological aspects 
related to cell and tissue recognition. This aspect is a fundamental approach 
used in the tissue engineering because to understand living cellular behaviour 
represents an essential aspect for tissues regeneration features.  In other hand, 
in tissue regeneration, biomaterials are designed to contain precisely 
positioned bioactive ligands that instruct cell behaviour. Since RGD peptides 
have been found to promote cell recognition in 198492, still representing a 
major recognition system for cell adhesion, numerous materials have been 
RGD functionalized for academic studies or medical applications. Therefore, 
immobilization of RGD on hydrogel structures instructs many cell types to 
attach to the material via cell-surface proteins called integrins, because 
formation of focal adhesions only occurs, if the ligands with stand the cells 
contractile forces93. Relatively to the way which hydrogels are bioactivated, 
for example only on surfaces or into network, they find different employment 
for elucidating biological behaviour of cells and tissues. Peptide-conjugated 
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hydrogel on surfaces in two-dimensional patterning allows of their ability to 
spatially control surface chemistry and topography at the micrometer level, 
and thus is possible evaluate their ability to tailor cell microenvironment. In 
other hand, patterning method can find use in tissue engineering in the 
elucidation of fundamental structure–function relationships of recognition 
cell and protein arrays for biotechnology83. In addition to patterning 
strategies, also surface grafting techniques94-95, self-assembled monolayers96, 
and polymer–peptide hybrids, have effectively tethered single peptides to 
interfaces for the study of cell adhesion phenomena. Peptide-conjugated 
hydrogels two-dimensional bioactivated have showed significant 
developments to regulate spatial and temporal distribution of peptides in cell-
recognition or tissue-recognition but deduce several limitations in the related 
application for regenerative medicine due to lack of bioactivation internal to 
hydrogels network. However, to provide to this limitations much progress has 
been made introducing cell-recognition or tissue-recognition sites into 
biomaterials to obtain artificial extra cellular matrix (aECM). aECMs are 
designed to mimic the natural ECM of the biological tissues. The natural 
biological ECM has important signalling and regulatory functions in the 
development, maintenance, mechanical integrity and regeneration of tissue97. 
The ECM structures are very complicated systems where take place every 
fundamentals chemical, biological and mechanical living relationship. ECM 
recognition sites and components, in synergy with soluble signals provided 
by growth factors and hormones, participate in the tissue-specific control of 
gene expression through a variety of transduction mechanisms98-100. 
Furthermore, the ECM is itself a dynamic structure that is actively 
remodelled by the cells with which it interacts101. For example, bioinspired 
materials as aECM, can be used as carriers for transplanted cells that are 
subsequently grafted into tissue defects102, and also as cell infiltration 
matrices to induce regeneration and remodeling in vivo103. Collagen and 
fibrin are clinically well-established and FDA-approved matrices for wound 
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healing to treat burns and chronic wounds, and as tissue sealants, 
respectively. Many cell-compatible hydrogel materials have since been 
modelled on these seminal concepts for the hybrid- materials preparation. 
Therefore, protein derived as collagen and fibrin can be used to instruct 
aECM to adhere at damaged tissues for in vivo experiments104. For example, 
three-dimensional aECM was prepared using fibrin-peptide conjugated to 
PEG using factor XIIIa as cross-linking for peptide-derivatized PEGs and 
simultaneously incorporating RGD as cell-recognition site6 (Figure 1.7. and 
1.8.).  The natural ECM is a dynamic matrix that is constantly changing in 
composition and structure as tissues develop, remodel, repair, and age. One 
the most important property of aECM is given by degradability of the 
constituents, becouse when the cells producing matrix needs to substitute 
artificial construct with a biological tissue of neo formations105. Therefore, in 
the aECM application can be used  another interesting bioactive property of 
several peptides, which showed susceptibility to the degradation operated by 
cellular MMPs. Proteolytically responsive synthetic hydrogels were 
pioneered by Hubbell and co-workers106. They used poly(ethylene glycol) 
(PEG) macromeres that are cross-linked by oligopeptides that mimic 
collagenase substrates found in natural ECM proteins. The end-linked 
PEGco-RGD hydrogels were formed by Click chemistry, in which a 
Michael-type addition reaction between the di-thiolated oligopeptides and 
vinyl sulfone groups on the PEG is carried out in the presence of cells and/or 
tissues. Also for three-dimensional peptide-conjugated hydrogel there are 
several limitations. Fundamental limitation of aECM prepared utilising 
peptide-polymer as building blocks consist in the random immobilization of 
bioactive signals into the hydrogel network. In tissue regeneration is always 
indispensable considered the spatial distribution control of bioactive signal 
because a precise spatial distribution represents an important parameter for 
cell-guidance behaviour in tissue genesis and regeneration107. In the last 
decade another very interesting techniques for immobilize biomolecules on 
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or into hydrogels is given by photochemical immobilization strategies using 
two-photon irradiation86-87 (Figure 1.9.). Combining photolabile hydrogel 
matrices with focused light provides to directly modify the local physical or 
chemical properties in three-dimensional. For example S-NBC-modified 
agarose hydrogel with incorporated peptides modified with succinimydil 
ester, can be activated by light to give click chemistry reaction (Figure 1.10.) 
without further chemical additives108. Another example of hydrogel used as 
model materials for the generation of internal 3D patterns is given by 
poly(ethylene glycol) (PEG)-diacrylate (Figure 1.11.). PEG macromers, not 
only, undergo rapid polymerization in the presence of photoinitiators but the 
unbound biomolecules is allowed to diffuse out of the hydrogel network and 
after can be covalently bounded via two-photons irradiation85. This 
immobilization strategy allowed to go beyond limitations related to two-
dimensional conjugation patterning and, in addition allows the fine spatial 
control of biological signals position into hydrogel network nearly to 
reproduce their distribution as in natural biological matrices.  
 
 
 
 
Figure 1.7. - Factor XIIIa-catalyzed PEG hydrogel formation. The transglutaminase enzyme factor 
XIIIa was used to cross-link two multiarm PEGpeptide conjugates, n-PEG-MMP-Lys and n-PEG-
Gln (here, n ) 8), in combination with a cell adhesion peptide, TG-Gln-RGD, to form multifunctional 
synthetic hydrogels. (Lutolf et al. Macromolecules 2007) 
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Figure 1.8. - Incorporation of the integrin-binding RGD ligand in the formof TG-Gln-RGD renders 
gel networks adhesive for primary fibroblasts.Spreading is dependent on the ligand concentration as 
demonstrated by fluorescent microscopy (A, Scale bar: 100 ím) with double staining of cell nuclei 
(blue) and f-actin cytoskeletal elements (red), and quantified by cell surface areas (B). (Lutolf et al. 
Macromolecules 2007) 
 
Figure 1.9. - The strategy to create biomolecular channels in agarose hydrogel matrices uses the 
chemical modification strategy in (a) and a focused laser, resulting in alternating volumes of cell-
adhesive (peptide) channels separated by non-adhesive (agarose) volumes. (Schoichet M. et al. 
Nature 2004) 
 
 
Figure 1.10. – a) representative XY crosssection  image of green fluorescently labelled oligopeptide 
channels (scale bar:200 µm); b) representative image of the green fluorescently labelled oligopeptide 
channels constructed from a series of XY cross-sectional micrographs over a 0.5 mm depth (scale 
bar:200 µm). (Schoichet M. et al Nature 2004) 
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Figure 1.11. - Schematics demonstrating photoinduced patterning of an existing poly(ethylene 
glycol) diacrylate (PEGDA) network at the microscale (A) and macroscale (B). The following 
description applies to both schematics. Step 1: Precursor solution containing the mono- or diacrylate 
derivatized  moiety to be patterned is layered onto a base PEGDA hydrogel and allowed to diffuse 
into the hydrogel network. Step 2: A laser beam generated by a Ti:sapphire laser tuned to 720 nm is 
scanned across an x–y plane within the hydrogel, with the laser shutter being opened only in the 
user-specified regions of interest (ROIs) shown in the ROI template to the right of the hydrogel 
being patterned in (B). In TPA, conjugation of the molecule to be patterned to the hydrogel substrate 
occurs only at the laser focal point. The microscope stage is incremented axially and patterning is 
continued within the specific ROIs at this next x–y plane. This sequence of steps is repeated until the 
desired 3D patterns have been formed. Step 3: Unbound precursor is allowed to diffuse out of the 
hydrogel network. (West J. et al. Adv. Mater. 2006) 
 
 
1.5. Hydrogels like tissue adhesives for wounds repair 
 
Recent hydrogels designs are based on biological rationale and therapeutic 
demands. The applications of hydrogels as ocular materials,109-110 as wound-
healing materials,111 have been discussed in the literature. In particular, 
hydrogels are been also addressed to tissue adhesives in surgical repair, 
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because opportunely bioadhesion properties allows cells and tissues to adhere 
to hydrogels. Synthetic polymers such as poly(ethylene glycol), 
poly(vinylalcohol), and poly(lactic acid) are excellent hydrogel components 
due to their ease of synthesis and modification, and low cost. Natural 
polymers such as collagen, hyaluronic acid, and cellulose are also good 
hydrogel components due to their biocompatibility and ease of modification, 
and can provide biological signals to facilitate wound healing112-113. In order 
to obtain chemically cross-linked hydrogels, these polysaccharides have been 
modified with a variety of functional groups. Hyaluronic acid has been 
modified with adipic dihyrazide114 and methacrylate groups115 to enable 
cross-linking. Chondroitin sulfate has been modified with adipic 
dihydrazide116, methacrylate117, and aldehyde groups118. Polysaccharide 
hydrogels were produced by reaction of adipic dihydrazide-modified 
hyaluronic acid119 or chondroitin sulfate114 with aldehyde-functionalized 
poly(ethylene glycol). Alternatively, hydrogels were formed from the 
exposure of methacrylate-modified polysaccharides dissolved in buffer with a 
photo-initiator to high intensity light116. Researchers have also added varying 
amounts of poly(ethylene glycol)-diacrylate before cross-linking of 
methacrylate-modified polysaccharides for improved mechanical 
properties117. Hydrogel-based adhesives are the other main type of adhesive 
under investigation for ocular wound repair. First promoted for use as contact 
lenses in 1960 by Wichterle and Lim120, hydrogels have since been adapted to 
a wide variety of biomedical applications such as intraocular lenses, artificial 
organs, maxillofacial reconstruction, vitreous substitutes, cartilage repair, and 
drug delivery121. Hydrogels have also been investigated for use as barriers 
following tissue injury in order to improve the healing response81. For 
example, hydrogels as barrier with cell-adhesion modified have been used to 
promote enhanced osteogenic differentiation of MSCs for bone repair122, to 
provide an essential foothold for neurite outgrowth in axonal regeneration123, 
and to understand the regulatory role of mechano-transduction in stem cell 
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fate determination104. Hydrogels used as barriers applications have included 
in vascular injury in the cases of thrombosis and restenosis124 and post-
operative tissue adhesion formation125. For prevention of post-operative 
adhesion formation, hydrogel barriers were formed on intraperitoneal 
surfaces by bulk photopolymerization of poly(ethylene glycol-co-lactic acid) 
diacrylate. Several examples of molecules-adhesive hydrogels able to give 
covalent grafting on tissue damaged are reported by Messersmith and co-
workers. They developed a catechol-based modification to a PEG hydrogel 
implant in order to improve extrahepatic islet transplantation for managing 
type I diabetes mellitus126. The hydrogel modification, using a catechol 
moiety [3,4-dihydroxy- L-phenylalanine (DOPA)], is derived from the 
tethering chemistry that allows mussels to adhere to wet organic surfaces127-
128
. Under oxidizing conditions, DOPA rapidly forms cross-links when 
bound, for example, to an end-functionalized star-PEG precursor. The 
catechol moiety forms strong covalent interactions with nucleophiles such as 
thiols and imidazoles found in organic substrates (ECM). The effective 
immobilization of the islet-containing catechol PEG hydrogels on the surface 
of the liver of diabetic rats enabled revascularization with minimal 
inflammation and permitted effective glucose management comparable with 
the gold-standard intra hepatic islet delivery. In particular, in ophthalmology 
wounds repair, many adhesive hydrogels strategies were performed on the 
direct chemical reaction between activated hydrogels and tissue injuries. 
Margalit et al.129 studied hydrogel adhesives made from tetrafunctional 
amine-terminated PEG and either PEG-succinimidyl succinate, PEG-
succinimidyl propionate or thiol-terminated PEG and PEG-succinimidyl 
glutarate. Covalent chemical cross-linking of these hydrogels occurs by 
amide bond formation PEG-succinimidyl succinate and PEG-succinimidyl 
propionate and for SH hydrogel cross-links upon formation of thioester 
bonds, were made directly on cornea of guinea pig. All three hydrogels 
studied were able to sustain much higher loads before failure than 
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commercial and autologous fibrin or photocurable acrylic adhesives, but only 
SH hydrogels were able to sustain the largest load, most likely due to the 
higher polymer concentration in this adhesive formulation. In-vivo studies 
showed that hydrogels derived by thiol-terminated PEG provoked only a mild 
inflammatory response and caused moderate damage of corneal tissue, while 
hydrogels derived by PEG-succinimidyl propionate caused severe damage of 
corneal tissue. In a collaborative study between the Schepens Eye Research 
Institute at Harvard Medical School and Confluent Surgical reported in 2003, 
NHS-terminated 4-arm succinimidyl-glycolate PEG and amine-terminated 4-
arm PEG were combined to form amide cross-linked hydrogels that 
polymerized in seconds and persisted for 4–6 weeks and the adhesive-sealed 
wounds exhibited higher pressures before leaking than the single suture-
treated wounds for all wound models130. Sueda et al. in 2007 reported 
hydrogels composed of NHSterminated 4-arm glutaryl PEG and a tri-lysine 
peptide for in vivo cytotoxicity and fixing retinal detachment at the Schepens 
Eye Institute. The hydrogel adhesive was found to have a persistence time of 
4–6 weeks and was found that for the adhesive-treated eyes, 2 out of 6 eyes 
developed posterior subcapsular cataract, 4 out of 6 eyes developed vitreous 
opacity, and 2 out of 6 eyes developed retinal traction, but no retinal 
detachments occurred131. In every case reported above the invasive covalent 
chemistry caused damages of tissue treated and also an inadequate control of 
biodegradability of the hydrogels. Therefore,  bioadhesive features can be 
engineered into a hydrogel network by using linker molecules that enable 
covalent or non-covalent molecular interactions between the implant and its 
surroundings, including cell-adhesive or tissue-adhesive oligopeptides 
derived, for example, from fibronectin132. Tissue-adhesive modifications to 
hydrogels can further improve performance of cell-delivery scaffolds by 
stabilizing the in vivo location of the graft. One of the most popular 
oligopeptide whit covalent adhesive interaction is given by fibrin. Fibrin is a 
specialized ECM protein network, formed principally in spontaneous tissue 
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repair133. Fibrin forms spontaneously by polymerization of fibrinogen in the 
presence of thrombin; the resulting network is further cross-linked by the 
transglutaminase activity of factor XIIIa134. Fibrin has been utilized in skin 
repair, for example, in sutureless fixation of skin grafts103 and keratinocyte 
transplantation in burn patients135, with considerable success. Covalently 
attachment of fibrin on hydrogels or fibrin matrices with the character of 
ECM molecules or other bioactive molecules has been investigated as useful 
glue136 in the genesis of wound healing. The major drawback of fibrin is that 
it is susceptible to rapid degradation in vivo and has difficulty maintaining 
structural integrity137. Today, example of non-covalently adhesive peptide-
conjugated hydrogels able to recognize tissue in supramolecular manner, and 
promote tissue adhesion for wounds healing or simply with covering 
efficiency for tissues undergo a surgery injury, in literature are still less 
investigated. As well, the fixation and anchorage of engineered tissues is 
rarely discussed in the published literature on biomaterials used for skeletal 
tissue engineering. It is now understood that surgical fixation of tissues 
injuries is a crucial step for successful cell-based therapy.  
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2. PhD project: focusing the aims   
 
In scientific literature still today, example of non-covalent adhesive 
interactions between peptide-conjugated hydrogels surfaces and biological 
tissues are not well discussed. In particular peptide-conjugated hydrogels are 
able to recognize tissues in order that to promote wound dressing and tissue 
injury covering, as post-damage protective device are still rarely investigated. 
Despite in scientific literature are reported many examples of hydrogel 
designs on biological rationale and therapeutic demands as molecular 
platforms for interactions at the cell/material interface like artificial ECM that 
find use in regenerative medicine and tissue engineering. Hydrogels, even if 
represent one of the materials more studied for biomedical applications, are 
in many cases only used as barriers or replenishment post surgical tissues 
explants or as wound dressing agents that are in vivo produced by mean 
covalent bounds directly on damaged tissue using invasive chemical 
reactions. These reactions often originate further more grave post-clinical 
complications. Furthermore, in literature are abundantly investigated peptide 
properties useful to improve biological properties of the hybrid materials.  
In the first part of my PhD project, the purpose is been investigate the 
properties of peptide-conjugated hydrogels to recognize in specific and 
selective manner tissues containing collagen type I, in order to improve 
supplemental scientific knowledge on the behaviour of novel supramolecular 
recognitions of rational designed biomaterials at wound interface. Peptides 
could be used as molecular glues for hydrogels wound dressing or in other 
hand in tissue injury covering as post-damage as novel biotechnological 
device. The starting idea was to take advantages from natural peptide abilities 
to recognize and adhere on specific tissue site-binding and using the total 
amounts of these interactions, to firmly holding engineered artificial micro 
hydrogels on tissue injury. In this way is been possible to favourite wound 
dressing actions avoiding direct formation of covalent bounds by mean in 
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vivo chemical reactions. In addition, opportune peptides conjugated to 
hydrogels can mediate not only for protection and maintenance of tissue 
injury but they can also favourite cell-guidance process for tissue 
regeneration. As described in Chapter 1 (“Novel smart HA-based hydrogels 
with non-covalent adhesive properties for tissues healing applications”), 
tissues as human derma and cornea of the eye undergone to surgical or 
accidental trauma were used as tissue model to investigate the covering 
abilities of micro hydrogels conjugated with peptides capable of recognize 
and bound collagen type I in selective and specific manner. Was understood 
that effectively the micro hydrogels surprisingly shown adhesion capabilities 
until to forming a continuous covering layer on anywhere was provoked the 
injuries. So, in smart manner, those peptide-conjugated hydrogels can adhere 
on tissue and operate like temporary tissues substitutes.  
 
In the last years an intriguing class of hydrogel defined supramolecular 
polymer hydrogels have raised great scientific interest. Supramolecular 
hydrogels have several advantages respects to crosslinked hydrogels, because 
an appropriate design allows efficient control over the assembled structure. 
Therefore a response on the molecular level can directly cause a physical or 
chemical change on the macroscopic level and represented a valid alternative 
to cross-linked hydrogels for molecules encapsulation and controlled release. 
However, the scientific community looks at supramolecular hydrogels as 
versatile toolbox for the design and fine-tuning of novel biomaterials, even if 
supramolecular hydrogels still remains a challenge.  
In the second part of this PhD project, adopting several feedbacks from 
scientific community, the purpose was investigated the abilities of chemically 
modified PEI polymer branched to form supramolecular hydrogels. In 
particular, self-assembly of amphiphilic branched polymers are a newly 
emerging class of materials and their precise hierarchical structures are 
biological like ECMs. As described in chapter 2 (“Novel supramolecular 
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PEI-based hydrogels for plasmid DNA controlled release”) several novel 
supramolecular hydrogels material based on the chemical modification of 
branched PEI with methacrylic groups, were synthesized and characterized. 
The properties of the PEI hydrogel in terms of swelling and porosity were 
controlled during synthesis by the amount of functional methacrylic groups, 
these supramolecular hydrogels swell with a large extent in water and show 
exceptional binding properties with plasmid DNA. In addition, as described 
in chapter 3 (“A supramolecular two-photon-active hydrogel from 
polyethyleneimine for photo-conjugation at near-infrared wavelengths”), 
these PEI hydrogels are also easily activated by multi-photon laser irradiation 
and show interesting three-dimensional patterning capabilities in presence of 
peptide as RGD and biomolecules with free carboxylic acid or hydroxyl 
groups without use of adjunctive photo-initiators or activators. PEI hydrogels 
activated for photo-conjugation can be indispensable to the spatial 
distribution control of bioactive signal, which represents an important factor 
for cell recognition and cell-guidance behaviour in tissue genesis and 
regeneration. This project is today the first study on the supramolecular 
hydrogels activated for photo-conjugation chemistry, and can represent a 
novel cell-instructive platform that can be selectively encoded with active 
signals, with relevant applications in biotechnology and medicine.   
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3. CHAPTER 1 
Novel smart HA-based hydrogels with non-covalent adhesive properties 
for tissues healing applications* 
 
3.1. Abstract 
 
Wound dressing after surgical and traumatic tissue injuries has been always 
one the most interesting research field, overall due to its impact in clinical 
trials. Hydrogels are good candidates in this related application because they 
own scaffolding properties and can be easy tuned. Selected peptide for tissue 
recognition can also be considered biomolecular glues able to adhere on 
particular tissue target. Here, collagen type I binding fragment conjugated to 
microbeads of hyaluronic acid have shown non-covalent adhesive 
interactions on human derma and cornea of eye, after mechanical or photo-
removal of epithelial tissues. Were evaluated microbeads adhesive properties 
on human  derma and cornea of the eye, and was observed that they formed a 
continuous covering layer from indiscriminately biological provenience of 
the collagen type I. For unfunctionalized microbeads surface we did not 
observe adhesive recognition. Was also found that adhesive recognition was 
more predominant in human cornea, where the non-covalent estimated layer 
was of 34 µm in thickness. Was also proved that the hydrogel microspheres 
can deform, changing their initial shape, when were upon peptides interaction 
forces and this behaviour was also recorded. Finally, this novel instructed 
biomaterial show abilities to cover damaged tissue only where was provoked 
the injury, as well as the final layer was originated by deformation of many 
micro-entities capable to arrange itself until to completely dress the injury 
regions. 
--------------------------------------------------------------------------------------------- 
*The work in this chapter has been submitted for publication by A. Paciello and P. A. Netti 
--------------------------------------------------------------------------------------------- 
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3.2. Introduction 
 
Tissue engineering has been an active ground of scientific research as a 
fundamental tool in regenerative medicine in the last decades1, and in 
particular wound repair after traumatic or surgical injuries has always 
engendered particular attention as such significant clinical and research 
importance2-3. Today, research in the field of the ophthalmology represents 
one of the most interesting scientific sectors, where many researchers are 
making many efforts to develop new relief for the corneal and stromal repair 
after treatment of surgical and trauma induced ocular wounds4. Corneal 
wounds are often caused by laceration, perforation, corneal transplants, laser 
or mechanical removal of epithelium tissue, or incision in the care of cataract 
and in many others cases in oculist pathology5. In particular, several million 
of patients are exposed to photorefractive keratectomy, as PRK procedure for 
the cure of disease of vision as well as many patients resaved accidental 
damages of corneal epithelium. Fundamentally, these techniques entailed 
photoablation of the corneal epithelium by excimer laser, exposing out the 
corneal collagen fibres without thermal damage to deeper cells6-7. After 
removal of epithelial tissue and after revision of damage, collagen is often 
covered with artificial therapeutic lens to defend the exposed collagen and to 
soothe the pain felt by the patient8. Lens application however are not 
indicated for all corneal disease, as example in chronic dry eye and in 
particular they can originate, below them, oxygen partial pressure 
decreasing9-10. In the last decades, several adhesive biomaterials have been 
developed for tissue repair including cornea disease, but their translation into 
clinical practice has been slow in part due to their invasive use, and in part 
due to materials not yet believed safes for human use11. Glues cyanoacrylate-
based have been useful for corneal perforations treatment12. They are directly 
applied to wound site and the reaction undergoes as free radical 
polymerization to form a covalent covering film and its degradation products, 
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including formaldehyde, are toxic.  Furthermore, several post-operative 
complications caused by cyanoacrylate adhesives have been described, 
including granulomatous keratitis, cataract formation, retinal toxicity, and 
glaucoma4. Therefore, has been interested of the biomaterials scientists to 
change direction towards tissue regeneration heavily reliant by man-made 
micro and nanodevices13. Today, hydrogel-based molecules adhesives are the 
other materials under investigation for ocular wound repair. They can be used 
as artificial corneas, intraocular or contacts lenses and vitreous humor 
substitutes14. Hydrogels show desirable optical properties and these 
properties can also be tuned15. Hydrogels can show refractive index values 
from 1.33 to 1.43, light transmission from 0 to greater than 90%, can have 
good transport of oxygen and nutrients to facilitate wound healing and good 
mechanical properties for structural sustainability for tissues injuries4. In the 
last decades, several in situ forming hydrogels are been investigated, but still 
their applications remain a challenge. Margalit et al. developed three different 
PEG-based hydrogels obtained directly via crosslinking on interest sites. 
Those hydrogels were able to sustain much higher loads before failure than 
commercial and autologous fibrin or photocurable acrylic adhesives16. In 
every case, they provoked only a inflammatory response and caused damage 
of cornea tissue. Hirose et al. have evaluated the behaviour of PEG-based 
hydrogel obtained using NHS-terminated 4-arm succinimidyl-glycolate PEG 
and amine-terminated 4-arm PEG to form amide groups. This hydrogel 
polymerize in a few seconds and persist for 4–6 weeks17. Sueda et al. 
reported hydrogels formulated with NHS terminated 4-arm glutaryl PEG and 
a tri-lysine peptide for in vivo cytotoxicity18. For this hydrogel was found 
after application a develop eyes posterior subcapsular cataract and vitreous 
opacity but no retinal detachments occurred. In every case reported above the 
invasive covalent chemistry caused a damage of tissue treated and also an 
inadequate control of biodegradability of the hydrogels. Grinstaff et al. 
performed an dendron cross-linked PEG hydrogels as corneal adhesive that 
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showed to have adhesiveness, biodegradability and swelling behaviour 
dependence by chemical composition19. In addition, several examples of 
molecules-adhesive hydrogels able to give covalent grafting on tissue 
damaged are reported by Messersmith and co-workers20. The star-PEG based 
hydrogel modification with catechol moiety [3,4-dihydroxy- L-phenylalanine 
(DOPA)]21-22, under oxidizing conditions rapidly forms cross-links on tissue 
injury. Hyaluronic acid (HA) and chondroidin sulphate are the most 
biological derived polysaccharides to be used in wound repair23. The 
structure of HA consists of repeating disaccharide units of D-glucuronic acid 
and (1-β-3) N-acetyl-D-glucosamine and it is an important constituent of 
extracellular matrices, synovial fluid and the vitreous humor in the eyes24.  
HA modified with dihydrazide and methacrylated groups, can form hydrogels 
by chemical or photo crosslinking, or HA can be also auto-crosslinked using 
divinyl sulphone (DVS) as reaction activator25 in basic solution. Grinstaff et 
al. developed an adhesive HA-based hydrogel, where the starting biomaterial 
was modified with methacrylated groups. HA modified was directly 
crosslinked on corneas injury and after several days were observed lack in 
inflammation and infection but only mild corneal scarring remained26. 
Another example of tissue adhesive material is given by crosslinking in situ 
by star-PEG and engineered protein having repeated blocks of an elastin 
domain. The star-PEG polymer, modified with succinimidyl glutarate, form 
covalent linkage with primary amines of protein ECM-derived until to form a 
film directly on cornea injury27. In every cases reported  above, the 
mechanism of adhesion of those materials were provided by chemical 
bonding28 which can procure additional strain to ocular tissues. In scientific 
literature, example of peptide-conjugated hydrogels with non-covalent 
adhesive properties capable to recognize tissue site-binding, and promote 
tissue adhesion for wound healing, dressing or tissue injury covering are still 
rarely investigated. Peptides and their non-covalent abilities to adhere on 
biological tissues can also be used as organic molecular glues able to 
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recognize, in specific and selective manner, their molecular determinants into 
components of biological tissues. So, in smart manner, these peptides can 
recognize tissues and the hydrogels can provide for wound dressing like 
temporary tissues substitutes. Therefore, opportune peptides conjugated 
hydrogels can mediate for protection and maintenance of tissue injury and 
furthermore they can favourite cell-guidance process for tissue regeneration. 
One the most popular oligopeptides with covalent adhesive interaction is 
fibrin. Fibrin is a specialized ECM protein network, formed principally in 
spontaneous tissue repair29 by polymerization of fibrinogen in the presence of 
thrombin30. Fibrin has been utilized in skin repair, for example, in sutureless 
fixation of skin grafts31 and keratinocyte transplantation in burn patients32, 
with considerable success. Fibrin covalently attached to hydrogels or as fibrin 
matrices has been investigated as useful glue33 in the genesis of wound 
healing. The major drawbacks of fibrin is that it is susceptible to rapid 
degradation in vivo and has difficulty maintaining structural integrity34, 
difficult applications, cost and potential transmitting of viral infection35.  
Collagen is a major conservative protein of the extracellular matrix of  
connective tissues and to providing mechanical integrity, it can also affect 
cell behaviour and gene expression through interactions with other matrix 
proteins and cellular receptors. In addition the bulk of the corneal stroma is 
comprised of a layered network of fibrillar collagen36. Integrins domains 
α1β2 and α2β1 are two major collagen receptors on the surface of eukaryotic 
cells37. These cell-integrin receptors are able to recognize on collagen 
specific targets for molecular recognition and cell-attachment. Adopting 
techniques based on screening of peptide recombinant fragment, is been 
possible to isolate collagen binding fragment able to recognize some 
molecular determinants on collagen type I in specific and selective way38-40.  
One of the sequences isolated, Gly-Cys-Glu-Asp-Ser-Glu-Thr-Arg-Thr-Phe-
Tyr (CIBF), in particular way, showed high binding affinity with collagen 
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type I receptors. Thus, in this way, peptides can also be utilized in molecular 
recognition of collagen tissue showing absence of cytotoxicity41.  
In this work we investigated peptide-conjugated hydrogel for tissue injury 
recognition as potential applications of novel medical post surgery devices. 
Here, DVS-crosslinked micro-hydrogels hyaluronic acid-based were 
decorated on their surfaces with CIBF peptide. Effectively, were been 
effectively understood that those micro-hydrogels showed adhesion 
capability when were applied on tissue and, in anywhere was provoked the 
injury, until to form a continuous covering layer. Tissue recognition 
experiments were performed on fibrillated porcine collagen type I, 
histological slices of human  derma and porcine derma42, as well as on human 
cornea of eye explanted and for only research use. We observed that in every 
case, indiscriminately from the collagen provenience, the peptide conjugated 
hydrogel microbeads formed a continuous covering layer. Despite, for 
unmodified surface hydrogel did not observed anything adhesive recognition. 
The microbeads adhesive phenomena was observed and characterized by 
several techniques including laser scanner confocal microscopy (LSCM), 
Optical Coherence Tomography (OCT) e corneal topography (CT).  
This pioneering work could open a new point of view in order to improve 
scientific knowledge on the behaviour of novel supramolecular recognitions 
of rational designed biomaterials at wound interface. 
 
3.3. Materials and methods  
 
3.3.1. Chemicals and general materials 
Sodium Hyaluronate (MW~900 kDa) was purchased from Novozymes, 
China. NH2-GCQDSETRTFY-biotin (CIBF-biotin) and COOH-
GCQDSETRTFY-(Mini PEG-Mini PEG)-NH2 (CIBF) were synthesized and 
purchased from Proteogenix, France. Divinyl sulfone (DVS), isopropyl 
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meristate, trichloromethane, 1-butanol, acetone, n-exane, hydrochloric acid, 
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC), 
N-Hydroxysuccinimide (NHS), sodium hydroxide, sodium chloride, 
potassium chloride, glycine, ditiotreitiol (DTT) and 5,5′-ditiobis-(2-
nitrobenzoic acid) solution were purchased from Sigma-Aldrich. 
Triethylamine (TEA), dry N,N-Dimethylformamide (DMF) were purchased 
from Romil. ABIL EM 90 (cetyl PEG/PPG – 10/1 dimethicone) was 
purchased from Evonik Industries. ATTO 647N free amine group and ATTO 
647N strepdavidin were purchased from ATTO TECH GmbH, Deutschland. 
Porcine collagen type I was purchased from YoProteins, Sweden. Mica 
sheets were purchased from Asheville-Schoonmaker Mica, USA. 
Strepdavidin coated microspheres (480, 520) Dragon Green were purchased 
from Bangs Laboratories Inc, USA. Human corneas have been gave by 
Fondazione Banca degli Occhi del Veneto, Italy.  Spectra/Por® Dialysis 
membrane MWCO:. 12-14,000 was purchased from Spectrum Laboratories. 
Reagent and solvent were used without further purification unless otherwise 
specified.  
3.3.2. General methods 
Microbeads HA-based were prepared by single emulsion technique using 
Ultra turrax Heidolph R2R 2102 Control. Microbeads ATR characterizations 
was performed by NICOLET 6700 Thermo Scientific. Fluorescence and 
transmission bright-field imaging was performed by Laser Scanning 
Confocal Microscopy (LSCM) Leica TCS SP5.  Morphological analysis was 
performed by Ultra plus field Emission Scanning Electron Microscopy 
(ESEM), Zeiss Instruments. Microbead diameter measurements were 
performed by Mastersizer 2000 Malvern Instruments. Superior corneal 
imaging was performed by Optic Coherent Tomography (OCT) Optovue, 
Alfa Intes. Corneal topography mapping was performed by Corneal 
Topography (CT) Precisio, Ligi Italy. Simulation of photorefractive 
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keratectomy on cornea was performed by excimer laser iRES, Ligi 
Tecnologie Medicali srl, Italy. 
3.3.3. Microbeads prepared by DVS-crosslinked HA with simultaneous 
fluorescent probe incorporation (fcMB) 
HA microspheres were prepared using water-in-oil emulsion system 
according to the previously procedure reported in elsewhere43 with some 
modifications.  DVS-crosslinked HA microbeads were prepared at different 
crosslinking ratio (fcMB350 and fcMB420). For the preparation of the 
emulsion, dispersed phase was prepared at 2.5% (w/w) solving 0.25 g of HA 
900 kDa in 9.75 g of 0.2 M NaOH solution with a further adding 25 mg of 
NaCl. HA solution was made uniform under ultrasound sonication (40 Hz) 
for 5 minutes at room temperature. The dispersion medium was prepared 
mixing 24.6 ml of isopropyl meristate and 2.45 ml (about 2.18 g) of cetyl 
PEG/PPG – 10/1 dimethicone (10:1 ratio), under stirring for 20 minutes at 
room temperature. DVS (350µl and 420µl) and 2 mg of ATTO 647N amine 
free groups were added to 10 ml of HA alkaline solution and mixed 
vigorously for 2 minutes. The aqueous phase was added to oil phase drop to 
drop, and when emulsion appeared, it was kept under stirring at 480 rpm for 
40 minutes at room temperature. The alkaline emulsion was neutralized 
adding 460 µl of 4 M HCl leaving again under stirring for further 40 minutes 
at room temperature. Next, emulsion was broken by dropping of 50 ml of 
acetone under vigorous stirring. Finally crosslinked HA microbeads were 
recovered for gravity. Organic residues were removed by several rinsing with 
a mixture of trichloromethane / n-butanol (1: 1 ratio) then followed further 
several rinsing with n-exane. After balancing with acetone, the microbeads 
were dialyzed in deionised water for 72 hours. Next the dialysis the 
microbeads were dehydrated adding drop to drop acetone. In this way the 
slow dehydration avoided a probable damage of obtained soft micro-
hydrogel. Finally, the microbeads were exsiccated under critical point drying, 
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passed throughput sieves at different pore cat off and stored in dry conditions 
at 4 ˚C.  
3.3.4. Microbeads characterization and morphological analysis 
Starting HA polymer, fcMB350 and fcMB420 were chemically characterized 
by Fourier transform infrared (FTIR) spectroscopy. FTIR were performed on 
a Nicolet 6700 spectrometer (Thermo Scientific) equipped with a single-
reflection attenuated total reflectance accessory (Smart iTR) under ambient 
conditions. ATR spectra were acquired at 18 °C on dried simples. ATR 
correction (germanium crystal) and baseline correction were applied to the 
data before analysis. Spectra were collected in the range 600-4000 cm-1 with 
a resolution of 4 cm-1 and averaging over 128 scans. Morphological analysis 
of hydrated fcMB350 and fcMB420 were performed by an inverted Leica 
TCS SP5 laser scanning confocal microscope (LSCM). Experiments were 
conducted at 20 °C.  ATTO 647N stained microbeads,  that had been 
completely swollen in physiological solution, were transferred in 
fluorodishes (World Precision Instruments, Inc.) and  imaged by  a HeNe 
633  excitation laser, detecting  650-750 nm emission band and using a Leica 
HCX IRAPO L 25×/0.95 W water immersion objective. Transmitted ligth 
brightfield images were simultaneously acquired as well. Morphological 
analysis of dried microbeads was performed by ultra plus field emission 
scanning electron microscope (ESEM), Zeiss Instruments. Microbeads in a 
small amount were sprinkled on the metallic stubs and were coated with gold 
palladium until 10 nm under controlled argon atmosphere using Cressington 
Sputter Coater 208HR. The simples were observed at 10.00 KV and 937X in 
magnification.  
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3.3.5. fcMB swelling studies 
Swelling studies on fcMB350 and fcMB420 were evaluated on five single 
emulsion prepared at different stirring velocity (275, 350, 450, 500 and 600 
Ncm). The microbeads were prepared, purified and dehydrated using the 
same method and conditions as reported above. 50 mg of each dried samples 
were dispersed in absolute ethanol. In the same way, were weighted 50 mg of 
each simple and were swelled and dispersed in physiological solution. For 
each simple, three aliquots of dispersed microbeads were analyzed using 
Mastersizer 2000 Malvern Instruments to misure diameter. For this analysis, 
was used refractive index of 1.36 at 20 ˚C for the simples in ethanol and 1.33 
at 20 ˚C for the simples in physiological solution. The diameters were 
assumed at maximum of Gaussian distribution and considering the Mass 
Median Diameter, which is the size in microns where the 50% of the 
microbeads is smaller and 50% is larger. The collected data for every sets 
were plotted with Origin lab software and were calculated the linear 
equations, a) and b), which were matched to obtain the swelling equation c). 
The swelling equations were related to diameter of swelled microbeads, when 
they were dispersed in two different solvents. 
 
?)	???) = ?1????) + ?1						?)	???) = ?2????) + ?2 
  ?1????) = ?2????) 
     	?)	???) = ???) + ??1 + ?2) 
 
S(h) and S(d),  a1(rpm) and a2(rpm),  b1 and b2 are respectively diameter,  
stirring velocity and constant calculated for swelled and dried fcMB350 and  
fcMB420, respectively.  
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3.3.6. cMB420-CIBF-biotin synthesis 
DVS-crosslinked HA microbeads (cMP420) were prepared using the same 
condition reported above but without adding of ATTO 647N free amine 
group. 50 mg of cMB420, previously dried under vacuum oven at 30 C, were 
introduced into round-bottom flask and kept under nitrogen flow for 20 
minutes, after 1 ml of dry DMF was added under stirring at room 
temperature.  15 mg of NHS and 15 mg of EDAC (1.3*10-4 and 7.8*10-5 mol) 
dissolved in 1 ml of dry DMF were added to microbeads. Next, 3 mg of 
CIBF-biotin (1.7*10-6 mol, MW = 1762.62 Da) and 15 µl of TEA dissolved 
in 1 ml of dry DMF were added to solution. The mixture was kept under 
stirring for 4 hours, in dry conditions at room temperature. The microbeads 
were rinsed with acetone three times, recovered for gravity and finally were 
dialysed in deionised water for 48 hours. Subsequently cMB420-CIBF-biotin 
were dehydrated adding drop to drop acetone, recovered for precipitation, 
further exsiccated with critical point drying and stored at 4 ˚C. Conjugation 
of peptides was verified using biotin-strepadavidin assay. 10 mg of cMB420 
and cMB420-CIBF-biotin were treated with 500 µl of a solution 100 µg/ml 
ATTO 647N-strepdavidin and were kept in stirring under orbital shaker for 
15 minutes at room temperature. Microbeads were recovered via precipitation 
washed five times for 10 minutes each one, and finally imaged using 
fluorescence confocal microscope. 
  
3.3.7. fcMB-CIBF synthesis 
fcMB420-CIBF and fcMB350-CIBF were prepared at different 
fuctionalization degree using three different CIBF amount. 50 mg of 
fcMB420 and 50 mg of fcMB350, previously dried under vacuum oven at 30 
˚C, were introduced into round-bottom flasks and kept under nitrogen flow 
for 20 minutes, after 1 ml of dry DMF was added to each simple, under 
stirring at room temperature. 15 mg of NHS and 15 mg of EDAC (1.3*10-4 
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and 7.8*10-5 mol) dissolved in 1 ml of dry DMF was added to microbeads. 
After, CIBF (1.5, 2.5 and 3.1 mg, 9.2*10-7, 1.6*10-6 and 1.94*10-6 mol 
respectively, MW = 1596.62 Da) and 15 µl of TEA dissolved in 1 ml of dry 
DMF were added to the microbeads dispersion and further kept under stirring 
for 4 hours, in dry conditions at room temperature. The microbeads were 
rinsed three times with acetone, recovered for gravity and finally dialysed in 
deionised water for 48 hours. Subsequently fcMB420-CIBF and fcMB420-
CIBF were dehydrated adding drop to drop acetone, recovered for 
precipitation and further exsiccated on critical point drying and stored at 4 
˚C. Peptide-conjugation was qualitatively verified by ATR-FTIR and also 
using Ellman reactive assay. 2 mg of microbeads prepared were completely 
swelled in 500 µl of water treated with ditiotreitiol (DTT), after with an 
excess of 0.5 mM 5,5′-ditiobis-(2-nitrobenzoic acid) solution. Morphological 
analysis to verify the microbeads integrity after reaction was evaluated by 
LSCM. 
 
3.3.8. Preparation of collagen substrates for CIBF binding assay 
CIBF were tested on biological collagen substrates to verify their adhesive 
abilities after tissues recognition.  CIBF binding assay were evaluated on 
fibrillated porcine collagen type I, histological slices of porcine and human 
derma, and human cornea as well. Fibrillated collagen solution was prepared 
mixing 0.1 mg/ml of porcine collagen type I and 27 µl of restored buffer. 
Buffer restored solution was prepared solving 373 mg of KCl (0.05 mol) and 
94 mg of glycine (1.25*10-3 mol) in 25 ml of water biological grade. The 
final solution was adjusted with NaOH until pH was about 9.2. Subsequently, 
collagen solution was deposited on mica sheets and incubated for 6 hours at 
37 ˚C. Next, it was washed in physiological solution and imaged by mean of 
transmitted light brightfield using LSCM. Histological slices of human  and 
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porcine derma, included in resin water soluble, were deposed on glass slides, 
next, washed to remove hydro-soluble resin excess and imaged in 
transmission breight-field on LSCM. Corneal epithelium was mechanically 
removed by mean surgical scalpel to bring out the cornel collagen and 
washed in physiological solution to completely removal epithelium residues. 
The biological simples were treated with 300 µl of 25 µg/ml of CIBF-biotin 
in physiological solution each one, and then were incubated for 40 minutes in 
orbital shaker at room temperature. After that simples were washed for 15 
minutes each one and for three times to remove CIBF-biotin unbind. Biotin 
was revealed by molecular recognition with ATTO 647N streptavidin. The 
simples were treated with 300 µl of 10 µg/ml ATTO 647N streptavidin in 
physiological solution each one, were incubated for 40 minutes at room 
temperature, then were washed to remove ATTO 647N streptavidin unbind 
for 15 minutes each one. Negative control of the same simples were only 
treated with 300 µl of 10 µg/ml ATTO 647N streptavidin in physiological 
solution each one, anyway, were incubated for 40 minutes at room 
temperature, then were washed to remove ATTO 647N streptavidin unbind 
for 15 minutes each one. In the last, the simples were imaged in fluorescence 
on LSCM.  
3.3.9 Preparation of biological simples for wound dressing experiments 
fcMB420-CIBF prepared at different molar ratio of CIBF were used to 
estimate their collagen covering abilities in supramolecular manner. 8 mg of 
each simple were swollen in physiological solution and from the top were 
instilled on collagen fibrillated on mica. After 5 minutes of incubation at 37 
˚C, the simples were washed with physiological solution to remove unbind 
microbeads. Covering parameter was estimated by fluorescence microscopy 
to also evaluate more suitable peptide fuctionalization degree. Adhesive non-
covalent interactions on biological tissues as porcine fibrillated collagen type 
I, human  derma and cornea, were investigated. Histological slices of human 
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derma were previously washed several times to remove hydro-soluble resin, 
while was removed epithelium tissue from cornea for 100-110 µm per 9 mm 
in diameter by in vitro surgical photorefractive keratectomy simulation, using 
excimer laser at 193 nm. fcMB420-CIBF and fcMB350-CIBF with functional 
degree of 3 mg of CIBF per 50 mg of dry microbeads, were swelled in 
physiological solution for 5 minutes at room temperature. Next, microbeads 
suspension was instilled on biological simples and the instillations were 
accomplished from the previous one, after 1 minute for three times at room 
temperature. After, the substrates were washed with physiological solution to 
remove microbeads unbind. The images were collected in fluorescence and 
transmission bright-field using LSCM. Corneal mapping was performed by 
CT and thickness of microbeads layer adhered on cornea was estimated by 
OCT equipped with advanced low-power fibres-optic interferometers 
coupled in mid-IR region (1,320 nm).  
 
3.4. Result and discussion  
 
The purpose of this work is been to design a novel rational instructive 
biomaterials for specific recognition of collagen when the biological tissues 
are been damaged by surgical or accidental trauma. This novel smart material 
has wound dressing properties and is capable to cover damaged tissue in non-
invasive manner. The design of this biomaterial was inspired by molecular 
recognition between two biological entities as the interaction among proteins. 
In particular, the use of peptide for the development of new medical devices 
is today looked with strong interest. The interactive peptide ability can be 
considered as authentic molecular glue by using as adhesive force for surface 
materials interaction. The natural material used in the work is the most 
popular hyaluronic acid, not only used for its biocompatibility and 
biodegradability properties, but also for its ease manipulation. Sodium salt of 
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hyaluronic acid can be obtained by recombinant technology using a 
fermentation process with Bacillus Subtilis. This microorganism, during 
biosynthesis do not produce endo or eso-toxins, helping to reduce the risk of 
contamination and thus offering greater security than those of animal origin. 
Typically, the hyaluronic acid has elastic, plastics, lubricants and filling 
properties and when it is crosslinked is able to retain a large amount of water 
up 98%. Crosslinked HA hydrogel can be obtained in the form of disk or 
lenses as well as microspheres. The first, having a predetermined geometry 
and dimension, do not adapt easily to the various shapes and sizes of damage 
regions, despite the second, used in aqueous suspension, offer the advantage 
to cover tissue damage of any shape and size, in adaptive way. Further, we 
also demonstrated that for microbeads HA-based, with a diameter of around 
80 µm, have a good transparency properties. Transparency parameter was 
calculated as refractive index and the measurement was performed by 
refractometer Abbemat 300/350, assuming the sodium wavelength at 589.3 
nm. The measurement of refractive index was carried out on monolayer of 
microbeads and was ranged between 98 - 99% in reference to that of pure 
water at 25 ° C. Adhesive events mediated by fibronectin and other 
extracellular attachment proteins provide experimental systems for analyzing 
polypeptide domains that mediate binding and adhesive functions. In the 
literature are reported several conserved peptides isolated from fibronectin in 
the collagen binding region, that containing the sequence Cys-GIn-Asp-Ser-
Glu-Thr-Arg-Thr-Phe-Tyr, Ser-Pro-Ala-Ser-Ser-Lys-Pro and Gly-Arg-Gly-
Asp-Ser-Pro-Cys. These peptides showed good abilities for recognition sites 
in extracellular proteins as collagen type I and can have a crucial rule in 
several biomolecular process40. As showed in elsewhere39, peptide binding 
activity is related to asparagine, serine and arginine interactions on specific 
site-binding on collagen type I. In this work, we suggest a complementary 
approach to the purpose of these bioactive peptides: the use of a synthetic 
peptide that competitively bind specific molecular target useful for 
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collagenous tissues recognition. In this work the peptide (Cys-GIn-Asp-Ser-
Glu-Thr-Arg-Thr-Phe-Tyr, GenBank code: AAI43755.1), briefly 
denominated CIBF, was used as pioneering molecular glue, where the 
contribution of every single peptide interaction at biomaterial interfaces 
represent the full amount for the final adhesive force. This peptide was 
opportunely modified with biotin at C-terminal region in order to introduce a 
secondary recognition site for labelled streptavidin. In this way, was verified 
synthetic peptide ability to recognize a specific target region on collagen type 
I from in-vivo fibrillated collagen, porcine and human derma as well as on 
human cornea of eye. As showed in Figure 3.1., CIBF-biotin was able to 
interaction with the biological substrates, without any limitations due to the 
conservative biological properties of the collagen type I. Fluorescence 
images, after binding assay, (as in Figure 3.1. c, f, i and n) showed substantial 
difference among a substrate to another one. In effect, the used tissues 
exhibited different morphological organization of the collagen fibres. Even if, 
the collagen fibres in the corneal stroma are the same nature of collagen in 
other connectives tissues, the fibrils in lamellae arrangement are not 
crosslinked and proteoglycans are easily extracted with salt solutions44. 
Therefore, appeared evident that CIBF-biotin interactions with corneal 
collagen (Figure 3.1.i) were supported to major spatially and hindrance 
assessment.  
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Figure 3.1.  – Collagen Binding Fragment assay of  CIBF-biotin after detection with streptavidin 
stained with ATTO 647 N dye: a) white light transmission and b, c) fluorescence images of CIBF 
binding on collagen type I fibrillated on mica; d) white light transmission and e, f) fluorescence 
images of CIBF binding on porcine derma; f) white light transmission and (g, h) fluorescence images 
of CIBF binding on human  derma; i) white light transmission and l, m) fluorescence images of 
CIBF binding on human cornea. 
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3.4.1. Preparation of fcMA-CIBF and general synthetic scheme 
fcMB were prepared using sodium hyaluronate (fig. 1a) and DVS such as 
crosslinking agent. The reaction was performed in 0.2 M NaOH because a 
high pH values favourite the formation of sulfonyl bis-ethyl linkages between 
the hydroxyl groups of HA to form consequently ether bonds. NaCl was 
added at reaction mixture to increase the crosslinking degree. fcMB was 
labelled using ATTO 647N free amine groups fluorescent probe. This 
fluorescent probe was statistically and simultaneously conjugated to hydrogel 
network, taking advantage by Michael addition reaction and from sulfonyl 
bis-ethyl linkages formation between HA hydroxyl group and primary amine 
group of fluorescent probe. fcMB were prepared using water in oil single 
emulsion technique, which allowed to combine simultaneously microbeads 
preparation method and crosslinking chemistry strategy. Was used AbilEM 
as surfactant, which allow a better dispersion of the microspheres being 
formed in order to reduce the probability of particle aggregation upon 
hardening conditions. Furthermore this technique allowed collecting fcMB in 
quantitative yield in weight, after every purifications and dehydrations step. 
Primary hydroxyl group of starting hyaluronic acid was required in the DVS-
crosslinking reaction in order to leave unmodified carboxylic functions. CIBF 
peptide, previously, was further modified at N-terminal region using PEG 
spacer at low molecular weight for modulate the peptide structure 
conformation to be properly spatial arranged in order to favourite cooperative 
interactions, which are essential mechanism for molecular recognition. Next, 
CIBF peptides were conjugated to dried microbeads surface (Figure 3.2.b) to 
form amide bound between carboxylic group of hyaluronic acid and amine 
groups of mini-PEG spacer (Figure 3.2.c). Coupling reaction was performed 
in dry condition, using DMF25 as solvent and the most popular EDC/NHS 
chemistry with added of TEA as basic activator. These microbeads are 
designed to recognize collagen on tissue surface (Figure 3.2.d) executing 
tissue wound dressing, and can be deformed upon peptide interactions until to 
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form a continuous layer (Figure 3.3.e). In Figure 3.2.f, instead, is reported an 
illustrative particular of interaction at nanometer level.   
 
Figure 3.2.– Synthetic scheme and action mechanism of DVS-crosslinked microbeads HA-based: a) 
preparation of fcMB by single emulsion technique; b) amide group formation between MB-COOH 
and peptide-NH2; c) final microbeads (fcMB-CIBF) specialized for specific and selective recognition 
of collagen type I in eukaryotic tissue; d) tissue covering mediated by fcMB-CIBF; e) microbeads 
deformation upon peptide interaction forces and HA layer formation; e) representative molecular 
binding between peptide and site-binding on collagen. 
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3.4.2. FTIR and SEM characterization of fcMB 
The successful crosslinking formation for fcMB350 and fcMB420 was 
demonstrated by ATR-FTIR. Picks attribution are been made with helping of 
HA FTIR analysis as reported elsewhere45-46. By HA spectra was found for 
HA a sharp band at 1655 cm-1 due to the C=O carboxyl amide I group, the 
pick at 1108 cm-1 due to the C-O-C, C-O and C-O-H stretching, at 2924 cm-1 
due to the CH stretching and the large pick at 3424 cm-1 due to the NH and 
OH stretch mode. DVS-crosslinked hyaluronic acid in fcMB, for both 
microbeads crosslinking degrees prepared, was confirmed by ATR analysis. 
In fcMB was found a weak picks at 1031 cm-1 due to S-O and S-C stretching 
frequencies coming from DVS, around 1230 and 1121 cm-1 which are coming 
both from C-O stretch modes involved in the HA-DVS bonding and at 1131 
cm-1 due to the S=O stretching mode of DVS. Furthermore, ATR analysis 
also shown that crosslinking conditions did not provoke chemical 
degradation of HA, and any modification of the –COOH pick around 1640 
cm-1 was further confirm that the main reaction between HA and DVS was 
between the hydroxyl groups. From the ratio between pick intensity at 1131 
cm-1 of S=O stretching and pick intensity at 1655 cm-1 of C=O carboxyl 
amide I relate to uncrosslinked HA was also calculated the crosslinking 
degree percentage. For fcMB350 and fcMB420 they were approximately 
estimated of 0.6% and 0.8% respectively. Single emulsion techniques, 
however, have one limitation related to the size of the produced 
microspheres, because they are obtained with substantial dispersion range, 
therefore the size of interest may be restricted using sieves. The size of 
particles produced with our preparation condition was ranged between 1 and 
150 µm. In this work the size of microbeads play a fundamental rule, because 
they have got to be used in order to form a monolayer over collagenous 
tissue. Were selected microbeads ranged from 25 to 30 µm with a final yield 
of 59%. LSCM morphological analysis of swollen microbeads, as showed in 
Figures 3.3.a and 3.3.b, highlighted presence of pores on fcMBs surfaces 
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probably due to a rapid swelling when they were immersed in physiological 
solution, but also by dehydrated processes and critical point drying 
purification step. The high rate of evaporation adopted for hardening 
exsiccation of microbeads provoked the formation of pores on and within the 
polymeric network. This contributes to reduce the density and stiffness of the 
particles. Moreover, the medium porosity observed increases the unevenness 
of the surface with a positive effect on desiderate prominent deformability 
properties indispensable for continuous layer formation on collagenous 
tissue. Furthermore, the sizes of swelled microbeads were found to be from 
60 to 90 µm in diameter. By SEM morphological analysis of dried fcMB, as 
showed in Figure 2c, microbeads presented a proper morphology of spherical 
shapes and closing structure, the size was ranged from 21 to 32 µm in 
diameter and without any pores evaluation. 
  
 
Figure 3.3. – DVS-crosslinked microbeads HA-based stained with ATTO 647N dye, morphological 
characterization: LSCM: a) white light transmission and b) fluorescence images. SEM: c) 
microphotographs of loaded fcMB (Magnification 937X and EHT = 10.00 KV 
 
3.4.3. Swelling studies of microbeads 
DVS-crosslinked HA micro-hydrogels swell with a large extent of water and 
appear clear and uncoloured. When the microbeads are dispersed in ethanol 
they do not swell and their diameters remain the same of that ones in the 
starting dried microbeads. Hydrodynamic radius measurement of dried and 
swollen fcMB350 and fcMB420 was performed by Dynamic Light Scattering 
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(Mastersizer-DLS). As reported in method, were prepared five emulsions for 
which was only changed the velocity of stirring. In this way, the size of 
microspheres population distribution is shifted towards formation of 
microspheres with smaller size. In single emulsion technique the size 
distribution is inversely proportional to velocity of stirring. Therefore, the 
average diameter of the main population was assumed at maximum of 
Gaussian distribution for all swollen and dried simples. Effectively, the 
measured diameters resulted to be decreased when was increased the velocity 
of stirring. After purification and drying step, were prepared five microbeads 
dispersion in absolute ethanol and five simples of microbeads swollen in 
water, for each prepared microspheres simple and in triplicate. The average 
diameters values were plotted using Excel Windows Microsoft. In the start 
were obtained the linear equations relative to value sets for each series of 
simple. The average diameter estimated for dispersed microbeads in ethanol 
was used as dried microbeads diameter. As reported in Figure 3.4., from the 
linear matching of the pair equations relative to fcMB350 and fcMB420 was 
obtained the swelling equations. These equations put in correlation the size of 
swollen and dried microspheres. Swelling equations of dried/swollen 
fcMB350 (Equation1) and dried/swollen fcMB420 (Equation 2) are 
following reported: 
 
Equation 1 -  	???) = 3	???) − 5.3           
 Equation 2 - 	???) = 2.7	???) + 2.6 
 
S(d) and S(h) are dried and swollen fcMB diameter for both pair correlated 
measurement. By these equations were studied the swelling behaviour, and 
the swelling factor was calculated as slope of the lines, which approximately, 
coincides with 3.0 for fcMB350 and 2.7 for fcMB420. Swelling factors result 
to be in according with the crosslinking degree percentage estimated with 
FTIR analysis. In fact, the total amount of water adsorbed depending on 
crosslinking number in the network. The swelling percentages resulted to be 
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between 98 and 96% by weight for fcMB350 and fcMB420 respectively. In 
addition, this swelling behaviour also suggests that the crosslinking reactions 
take place in isotropic manner when the network is being formed. 
 
 
Figure 3.4. – Swelling behaviour of microbeads: Top) the relationship between diameter versus 
velocity of stirring is reported for both different crosslinked swollen and dried microbeads; bottom) 
swelling equations of fcMB350 and fcMB420 are respectively reported, assuming that the slope of 
the line coincides with the swelling factor. 
 
3.4.4. Synthesis of fcMB-CIBF-biotin and tissue covering assay 
Preliminarily, synthesis of fcMB-CIBF-biotin was designed in order to 
demonstrate and characterize the formation of amide bound between 
carboxylic groups on microbeads surface and amine groups of biotinylated 
peptides. The bioconjugation reaction was made using EDC/NHS as 
chemistry strategy. After several purification steps the fcMB and fcMB-
CIBF-biotin were equilibrated in physiological solution and treated with 
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ATTO 647N labelled streptavidin. The unfunctionalized microbeads, 
(Figures 3.5.d and 3.5.e) fluorescence images shown homogeny absorption of 
labelled streptavidin. This is probably due to the diffusion of streptavidin 
through the crosslinked network, also highlighting, that the micro-hydrogels 
can operate like biomolecular sponge. Fluorescent image of functionalized 
microbeads (Figure 3.5.f), instead, did not show any streptavidin adsorption, 
but show an evident formation of fluorescent crown. In this case, the biotin 
interacting with streptavidin prevented the diffusion of execs of this one into 
hydrogel network. At the same way, as further confirmation of collagen site-
binding recognition, CIBF-biotin was detected using Strepdavidin coated 
polystyrene microspheres (480, 520) Dragon Green with diameter of 1µm, 
using the same binding condition reported above, and as substrate was used 
de-novo fibrillated collagen. With this method, was found that the 
microbeads were firmly maintained on collagen surface after several washing 
(Figure 3.6.c). After these interesting results, was investigate the covering 
ability of fcMB-CIBF, testing functionalized microbeads at different 
conjugation degree. Since the size of HA microbeads used were surely 
greater then polystyrene one, the peptide was modified at N-terminal region 
with a spacer in order to improve peptide spatial control and mobility for 
collagen site-binding recognition. Surprisingly, fcMB-CIBF were able to 
recognize collagen and to be maintained firmly to it, even if several washed 
followed. As showed in Figure 3.7. the covering was evaluated to be highly 
dependent on substantial interactions number. In particular in Figure 3.7.c, 
corresponding to collagen treated with fcMB-CIBF with a conjugation degree 
of 3.1 mg of peptide per 50 mg of dried HA microspheres, show a complete 
covering in anywhere the collagen was deposed.  
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Figure 3.5. – fcMB-CIBF-biotin, ATTO 647 N labelled streptavidin binding assay: white light 
transmission and fluorescence images of a, b) fcMB unfunctionalized show adsorption of fluorescent 
streptavidin; c) shows a fluorescent crown formation due to molecular recognition between biotin 
and streptavidin. 
. 
 
Figure 3.6. – LSCM analisys: a) bright-field, b) fluorescence and c) white light transmission images 
of CIBF-biotin and collagen recognition as well as biotin and Strepdavidin coated microspheres 
(480, 520) Dragon Green. 
 
 
Figure 3.7. – Collagen covering ability of fcMB-CIBF with different conjugation degree. 
Overlapping of white light transmission and fluorescence images: fcMB420-CIBF prepared using 50 
mg of fcMB420 and a) 1.5, b) 2.5 and c) 3.1 mg of CIBF.  
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3.4.5. Wound dressing properties of microbeads prepared with different 
crosslinking degree 
Covering experiment, mentioned above, suggested that the covering was 
highly dependent by conjugation degree of the prepared fcMB-CIBF. The 
same experiments were also performed on biological tissue, where collagen 
fibres organization is arranged on different complexes scale. In this 
experiment we also verified that the crosslinking degree of microbeads play a 
fundamental rule when the HA layer was being formed. Microbeads being 
hydrogels are able to absorb water, and in this case up 98 and 96% for 
cfMB350-CIBF and cfMB420-CIBF respectively. The total amount of 
fragment between two distinct crosslinking points is related to swelling factor 
but also to deformability of reticulate structure and these obligations 
determinate the stiffness of hydrogels. We found that the microbeads, after 
adhesion were able to form a HA layer and the thickness was function of 
crosslinking degree, assuming for each one the same peptide conjugated 
degree. As demonstration of this, human  derma and cornea of the eye were 
treated with fcMB350-CIBF and fcMB420-CIBF suspension, using them like 
collyrium. In effect, fcMB420-CIBF and fcMB350-CIBF showed different 
covering properties not only due to different collagen fibres organization but 
also to the microbeads deformation. Beside, microbead deformation allowed 
a major surface exposure, which favourite an enhancement of peptide 
interactions on collagen fibres and for single microbead. As showed in Figure 
3.8., the instillation of fcMB420-CIBF and fcMB350-CIBF on the tissues 
surface, after several washed, showed different arrangement of the 
fluorescence on collagen due to the different deformability properties and 
consecutively thickness of the layer formed. Microbeads with different 
crosslinking degree on fibrillated collagen showed that fcMB420-CIBF (Fig. 
3.8.b) was able to interaction with collagen surface and covering disposition 
was dependent by the peptide interaction number. The fcMB350-CIBF (Fig. 
3.8.c) showed means a major biaxial deformation related to covering 
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disposition due to more high deformability of microbeads. The same 
microbeads were tasted on human  derma and were observed that for 
fcMB420-CIBF (Fig. 3.8.e) promoted a covering disposition more regular 
than that one on fibrillated collagen, while for fcMB350-CIBF (Fig. 3.8.f) 
looked like a continuous films. In this case we assumed that, after 
interactions between peptide and collagen, the microbeads deformation 
causing high microbeads surfaces exposure, in this way was increased in 
number the peptide interactions. The same experiments performed on human 
cornea showed that both microbeads (Fig. 3.8.h and 3.8.i) were able to give 
films. In these cases, means, we supposed that the intrinsic deformation 
related to only microbead began secondary effect. As previously reported, the 
difference between the collagen fibres organization in human cornea respect 
to that one of derma, is the absence of natural crosslink. This property may 
increases the number of collagen binding domains available for the bioactive 
peptide sequence on microbeads surface and simplifying potential 
interactions. Probably the deformation effect was extended by the enhanced 
number of interaction with final holding forces more prominent at molecular 
level.     
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Figure 3.8. - LSCM characterization of fcMB-CIFB abilities to cover human derma and cornea of 
the eye: fluorescence images show a, d, g) non-adhesive capability of unfunctionalised fcMB; 
adhesive abilities of fcMB420-CIBF and fcMB350-CIBF on b, c)  fibrillated collagen, e, f) human  
derma and h, i).human cornea  
 
3.4.6. Thickness evaluation of hydrogel layer 
The thickness of formed HA layer was investigate using LSCM, OCT and 
CT. Human cornea was exposed to oculist surgical laser in order to bring out 
the first layer of corneal collagen. Later, the photoablated cornea was washed 
with physiological solution to completely removal epithelium tissue residues, 
dried with ophthalmic lance and treated with a few drops of microbeads 
suspension. After five minutes from microbeads application, the cornea was 
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vigorous washed several times. Cornea surfaces appeared birefringence and 
reflective as well as hydrated. By fluorescence analysis, as reported in 
Figures 3.9.a and b, showed a diffuse fluorescence in deepness over 75 µm 
along z-axis. The overlapping of the photo-frames along z-axis highlighted 
the fluorescent HA continuous layer for both different microbeads prepared 
at different crosslinking degree. The thickness measured for fcMB420-CIBF 
(Figure 3.9.a) was of 34 µm and for fcMB350-CIBF (Figure 3.9.b) was of 24 
µm. Even if the conjugated degree for both microspheres was the same, the 
different layers thickness is correlated to the deformability of the microbeads. 
Being fcMB350-CIMB less stiff of fcMB420-CIBF the consequence was for 
the first one, an enhanced predisposition to recline around collagen fibres. 
Additional validation of the layering capability of the microbeads was carried 
out by OCT and CT analysis. The OCT is one technique that allows obtaining 
corneal and retinal scan in very precise way and allows analysing the eye 
morphology such as epithelium, anterior and posterior segment and central 
region of the retina, as well as the stroma. After fcMB420-CIBF application 
on the photoablated cornea, the OCT exam shown the presence of a hexogen 
layer (Figure 3.9.d, black layer) of hyaluronic acid, even if followed several 
washed. The average thickness measured was of 35 µm, despite cornea 
treated with unfunctionalized microbeads did not show any formed HA layer 
(Fig. 3.9.c) after washing. In adding, CT exam simply confirmed the presence 
of HA layer by mean to the light scattering on treated cornea surface, as 
showed in Figure 3.9.e and f. The scattering was caused by the water 
evaporation from HA hydrogel. We deduced that this layer formation was 
ascribed by several cooperative effects. The thickness measured is related to 
crosslinking degree of microbeads, because the higher network opening 
allows a major exposure of the recognition signals on microbeads surface and 
the absence of crosslinks among the collagen fibres allows a major exposure 
of the collagen epitope to facilitate peptide molecular recognitions.  
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Figure 3.9. – LSCM fluorescent images: a) and b) show the photo-frame overlapping on overall z-
stuck of 75 µm of human cornea treated with fcMB420-CIBF and fcMB350-CIBF: both microbeads 
show abilities to form a layer of about 34 and 20 µm respectively. OCT analysis of untreated c) and 
treated d) human cornea with fcMB420-CIBF: in according to fluorescence analysis, OCT images 
show the formation of the layer with a thickness of about 34 µm. CT analysis for untreated e) and 
treated human f) cornea show the light scattering relative to a slow water evaporation from formed 
HA layer. 
 
3.4.7. Proposed Mechanism of the HA layering mediated by non-covalent 
adhesion of fcMB420-CIBF 
Experimental studies to evaluate the covering mechanism, with which 
fcMB420-CIBF can adhere on human  derma, were carried out by an optic 
system made at home. This optic microscope, as in Figure 3.12., was 
equipped with a white light source, light filter Techspec, objective Newport 
M-20X 0.40 and camera uEye. The experiments were carried out arranged 
one derma histological slice on the border of a glass slide and this one was 
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willed in horizontal alignment with objective and camera so that taking 
advantages from the scattering of the light across the glass. Basically, 1 drop 
of 2 mg/ml fcMB420-CIBF physiological solution dispersion was instilled 
from the top and coincidently with glass slide border, when the sample was 
focused. Non-covalent adhesion phenomena and deformation mechanism of 
fcMB420-CIBF were observed and recoded (Figure 3.10. and 3.13.). We 
observed that when fcMB420-CIBF dispersion was dropped along glass slide 
border the microbeads immediately stitched to collagen fibres and before a 
few minutes appeared not only adhered on collagen (Figure 3.10.b) but also 
they arranged as agree with fluorescence image in Figure 3.7.e. 
Extraordinarily we were able to film an isolate microbead on collagen 
(Figure 3.10.a) and observed the deformation was agreed with our 
assumptions. This observation probably suggested that the contribution of 
adhesive force was much higher than the cohesive one, providing an 
additional stretching effect on the microbeads (Figure 3.11.). This result was 
most important because helped us to understand that the amount of 
cooperative interaction forces established between peptide and collagen were 
able to firmly hold the microbeads. Those interactions were also responsible 
of the film formation on the human cornea collagen and in particular we 
demonstrated that the film formation was closely related to crosslinking 
degree and the stretching effect was due to the binding interactions involved 
to give adhesion between microbeads and collagen surface.  
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Figure 3.10. - Images acquired by optical microscope show: b) single microbead deformation 
(magnification 10X) with frontal observation and four different focuses; c) microbeads deformations 
(magnification 20X) in axial observation. 
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Figure 3.11. - Illustrative picture of supposed microbeads deformation mechanism: top) view of 
deformation along x-axis; bottom) view of deformation along z-axis.   
 
 
 
 
 
Figure 3.12. - Optic microscope picture. From the right to the left: camera, objective, simple, light 
filter and visible light source. 
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Figure 3.13. - Recognition, adhesion and HA layer formation of fcMB420-CIBF loaded on human  
derma. Photo-frame images were collected using a homemade optical microscope. The layer 
formation was completed after 420 seconds.   
 
3.5. Conclusion 
 
In this work are been investigate the collagen type I site-binding recognition 
properties of CIBF-conjugated HA microbeads hydrogel. This novel rational 
designed biomaterial shows unexpected abilities to recognize biological 
tissues containing collagen type I, until to generate HA continuous layer on 
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it. Obviously, this biomaterials can be also instructive in different manner, in 
order to extend their use in a wide range of biomedical application, simply 
using others biochemical signals ad-hoc selected to obtain novel specialized 
tissue recognition systems. Furthermore, is been understood that the 
microbeads deformation mechanism is strictly related to crosslinking degree 
of hydrogel network and conjugation degree on microspheres surface. 
Therefore, we have supposed that HA layer is been formed by simultaneous 
interaction among peptides and collagen surface as well as the total amount 
of peptide interactions inducing a further stretching contribute for the 
microbeads deformation. In other hand, the final layer is originated by 
deformable of many micro-entities capable to arrange itself until to form a 
continuous layer, which is firmly maintained on tissue surface by peptide 
interactions. So, this novel instructive biomaterial can find useful biomedical 
application for tissue wound dressing. In particular it finds easy applicability 
in ophthalmic field as temporary substitute of epithelium after surgical or 
accidental removal of natural one, because it is able to completely cover 
damaged collagen. In the end, this novel device could open a new feature for 
rational design of instructive biomaterials and could be used as new 
interesting approach to study supramolecular interaction at biomaterials 
interfaces. 
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4. CHAPTER 2 
Novel supramolecular PEI-based hydrogels for plasmid DNA controlled 
release*  
 
4.1. Abstract 
 
In recent years bioactive hydrogels of natural and synthetic branched 
polymers are being widely explored as media for tissue engineering and drug 
delivery, due to their structural similarity to the macromolecular components 
in the body. Polycations, such as poly(ethylenimine) (PEI), have been used as 
non-viral gene carriers because they form stable complexes with nucleic 
acids by electrostatic interactions, and their binding and release properties 
have been investigated. Yet there are no reports in the literature on pH-
responsive PEI-based hydrogels that are able to release DNA and its 
derivates in a controlled manner. Here we present the preparation of a novel 
supramolecular hydrogel material based on the chemical modification of 
branched PEI with methacrylate groups. These supramolecular hydrogels 
swell to a large extent in water and show exceptional binding properties with 
plasmid DNA. PEI hydrogels are able to entrap and release biomolecules 
such as DNA upon variations of pH in a controlled manner, and show 
different morphological structures at different temperatures. The properties of 
the PEI hydrogel in terms of swelling and porosity can be controlled during 
synthesis by the amount of functional methacrylate groups. The hydrogel 
microstructure was characterized by several techniques including small-angle 
X-ray scattering (SAXS) and fluorescence microscopy to visualize the gel  
 
--------------------------------------------------------------------------------------------- 
*
 The work in this chapter has been submitted for publication by A. Paciello, A. M. 
Cusano and M. G. Santonicola. 
--------------------------------------------------------------------------------------------- 
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porous network. The DNA entrapment and release kinetics were studied by 
UV spectroscopy at 260 nm, whereas the different hydrogel microstructures 
induced by temperature variations were characterized with confocal 
fluorescence microscopy. The novel PEI-based hydrogels represent a 
sophisticated potential platform where the function, activity and mobility of 
biomolecules can be manipulated for significant advances in bio-
nanotechnology and nanomedicine. 
 
3.2. Introduction 
 
Supramolecular hydrogels are a fascinating class of smart materials1-2 
because of the various and often intriguing physical and chemical phenomena 
that they can display when subjected to a variety of external stimuli3 such as 
change in solvent composition4, ionic strength5, electric fields6, light, pH and 
temperature7. Those hydrogels have been utilised as useful tools in a wide 
spectrum of applications in which a hydrogel can effectively serve like 
controlled drug delivery, sensors, energy-transducing devices8 and 
biomedical applications9. Opportune modifications on materials can stabilize 
reversible and strong unidirectional non-covalent interactions to give self-
assembled structures in supramolecular hydrogels preparation10-12. Modified 
polymers may give fundamentally two types of structures for the hydrogels 
depending on the mechanism of their formation: “random-coil 
supramolecular polymers” formed without internal order, and “ordered 
supramolecular polymers” when the nanostructure is persistent with a high 
level of internal order13. One of the major advantages of supramolecular 
materials is that appropriate design allows efficient control over the 
assembled structure and its fuction14 and, in some cases, a response on the 
molecular level can directly cause a physical or chemical change on the 
macroscopic level15-16. Supramolecular hydrogels should not only have 
conventional cross-linked hydrogels properties but also additional properties 
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such as processability, recycling and self-healing17. Therefore, the use of 
cross-linked hydrogels for molecules encapsulation and controlled release 
applications is limited. In contrast, supramolecular hydrogels are for the most 
part smart and adaptive hydrogels that respond18 to external stimuli, therefore 
a tunable form of soft matter, and they can be potentially useful in a wide  
range of applications in medicine, nanobiotechnology and environmental 
sustainability19-20.  
        Polyethyleneimine (PEI) is a linear or branched polymer which has been 
extensively used in the gene delivery field21 because of its high buffering 
capacity and DNA condensation ability, and it is frequently utilized as a 
coating material in biosensor applications22. The high concentration of amine 
functional groups in PEI makes it an ideal polymeric ligand for complexing 
heavy metal ions23, as well as zwitterionic and anionic biomolecules24-25. 
Compared with other cationic gene delivery polymers such as poly(2-
dimethylaminoethyl methacrylate) (pDMAEMA), and poly-L-lysine (pLL), 
PEI has a high buffer capacity over a broad range of pH values26-27, which 
makes it a buffering agent to weak acids and a powerful proton sponge28. One 
of the considerable characteristics of this polymer is the  significantly high 
concentration of positively charged nitrogen atoms that can effectively bind 
with negatively charged groups of linear and plasmid DNA29. In particular, 
branched PEI presents in its backbone a high density of primary, secondary, 
and tertiary amines, of which only 15–20% are protonated at physiological 
pH30 (primary amine pKa ~ 9.0, secondary amine pKa ~ 8.0, and tertiary 
amine pKa ~ 6–7). The protonation capacity of PEI is an essential requisite 
for its success as an anionic species delivery vector16. In particular, PEI has a 
much higher protonation ratio of amine groups at low pH than at high pH31.  
Today, examples of sorbents as pH-responsive supramolecular hydrogels 
based on branched PEI for complex formation or biomacromolecules 
absorption, such as linear or plasmid DNA, are not yet not reported in the 
literature.Some examples available  in the literature consist in hydrogels 
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obtained by crosslinking of branched PEI with disulfide bonds formation 
through Michael addition between amine groups and carbon–carbon double 
bonds of N,N′-bis(acryloyl)cystamine32. In the same way, some polymer 
modifications reported in the literature are represented by acylation reactions 
of amino groups of PEI using acetic anhydride33-34 as cationic charge 
modulation. DNA can be physically entrapped into the hydrogel network35 
through electrostatic interactions, and it can be subsequently eluted using  
basic or salt solution at fixed pH. Plasmids such as pUC19 and pUC18 are 
commonly used cloning vectors in E.coli. These molecules are a small 
double-stranded circle  of 2686 and 2850 base pairs in length36. Examples of 
DNA adsorption capacity are shown by physical hydrogels based on chitosan 
and grafted with poly(p-chloromethylstyrene) or with poly(N,N-
dimethylacrylamide). This two different modifications of  chitosan hydrogels 
are able to entrapping 2.90 and 4.62 µg of DNA per 1 mg of dry hydrogels 
respectively37. Another example ofstrong anion-exchange hydrogel in the 
form of small membranes is able to immobilize 227µg/cm2 of pUC19 
plasmid DNA per 12.4 mg/ml of hydrogel38.  
We discovered that a branched PEI modified with methacrylic groups 
self-assembles  to form a supramolecular hydrogel pH-responsive39 and 
capable of  entrapping and releasing plasmid DNA in a controlled manner, 
where the amine groups in its backbone absorb incoming hydrogen ions like 
a ‘‘proton-sponge”. These novel PEI-based hydrogel is capable of loading 
plasmid pUC18 up to 14 µg per 1 mg of dry hydrogel, equivalent to324.64 
µg of plasmid DNA per 1 ml of hydrated gel, and release it almost 
quantitatively.  Purification of nucleic acids from biological sources or post 
enzymatic reactions is frequently a primary step in molecular biology studies 
and diagnostic tests. Many techniques have been developed to isolate DNA 
and RNA, for example, phenol extraction, alcohol precipitation, density 
gradients, dialysis, ion exchange, electroelution, silica binding, membrane 
filtration and column filtration. The supramolecular PEI hydrogel is a 
 98 
 
potential new material for applications in molecular biology such as 
alternative size exclusion and ionic exchange chromatography to isolate 
DNA at different molecular weight and N/P ratio. The preparation of these 
novel supramolecular hydrogels based on the chemical modification of 
branched PEI with methacrylate (MA) groups introduced utilizing metacrylic 
anhydride. Such covalent modifications make branched PEI-MA more 
hydrophobic then the unmodified polymer. In fact, the hydrogel 
supramolecular network is obtained from a fine balance between the 
hydrophobic and the hydrophilic structural contribute. The hydrogels were 
characterized by FTIR in ATR mode and 1H-NMR. These supramolecular 
hydrogels swell to a large extent in water and show high swelling factor. The 
properties of the PEI-MA hydrogel in terms of swelling and porosity were 
controlled during synthesis by the amount of functional methacrylate groups 
and its microstructure was studied by several techniques including small-
angle X-ray scattering and fluorescence microscopy to visualize the gel 
porous network. The buffering capacities were studied through titration and 
pH-responsive properties, structural changes by fluorescence microscopy. 
Finally, the hydrogel exceptional capacity to load plasmid DNA (pUC18) and 
to release it in basic solution without DNA denaturation was studied. The 
PEI-MA hydrogels presented in this work are a sophisticated platform where 
the function, activity and mobility of biomolecules can be manipulated by 
external stimuli for significant advances in bio-nanotechnology and 
nanomedicine. 
 
4.3. Material and methods 
 
4.3.1. Materials  
Branched polyethylenimine (MW~25,000 Da, average Mn~10,000 by GPC), 
methacrylic anhydride 94% (d=1.035 g/cm3) and ethanol absolute were 
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purchased from Sigma-Aldrich. Dichloromethane (DCM) stabilized with 
amilene extra dry, triethylamine (TEA) and ultrapure water SpS (Super purity 
Solvent) were purchased from Romil Pure Chemistry. Deuterium oxide (100 
atom% D) was purchased from ARMAR Chemicals Switzerland. Sodium 
hydroxide anhydrous pellet (NaOH) was purchased from Carlo Erba. Sodium 
chloride crystal (NaCl) was purchased from J.T. Baker. Hydrochloric acid 
(HCl), standard volumetric solution 1 M and agarose low EO were purchased 
from Applichem. Standard solutions with pH of 4.01, 7.01 and 10.01 were 
purchased from Hanna Instruments. Alexa Fluor®350 carboxylic acid 
succinimidyl ester and pUC18-100 supercoiled plasmid modified form (2800 
bp) were purchased from Invitrogen Life Technology. 1X TAE buffer and 
bidistilled water used to hydrate, wash and prepare the DNA solution were 
purchased from Applichem GmbH (Darmstadt, GERMANY). Reagents and 
solvents were used without further purification unless otherwise specified. 
Spectra/Por® Dialysis membrane MWCO:12-14,000 was purchased from 
Spectrum Laboratories, Inc.  
 
4.3.2. Hydrogels synthesis and characterization  
Several PEI-MA hydrogels were prepared at different molar ratio of branched 
PEI and methacrylic anhydride to obtain five methacrylated PEI gels with 
different properties. Five round-bottom flasks containing branched PEI (1 g, 
4.0×10-5 mol) were first dried under vacuum and then 3 mL of 
dichloromethane was added to each flask under argon flow. After 30 min, 
triethylamine (10 µL, 7.2×10-5 mol) was added to each of the five samples, 
the mixtures were stirred for 5 min, so that primary and secondary amine 
groups were activated in basic conditions to favourite amide groups 
formation.  In the end , methacrylic anhydride (PEI-MA2: 71.5 µL, 4.80 x 10-
4 
mol; PEI-MA3: 110 µL, 7.39 x 10-4 mol; PEI-MA4: 148 µL, 9.94 x 10-4 
mol; PEI-MA5: 185 µL, 1.24 x 10-3 mol; PEI-MA7: 218 µL, 1.46 x 10-3 mol) 
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was added to each of the five flasks under argon flow and the reactions was 
allowed to proceed under stirring for 18 h at room temperature. After 
synthesis, the modified polymer material was dried under vacuum for 12 h to 
remove excess dichloromethane. Next, the hydrogels were dialyzed for one 
week against ultrapure water and ethanol in several cycles using 
Spectra/Por® Dialysis membrane to remove unreacted methacrylic anhydride 
and triethylamine. After purification, the PEI hydrogels were dried under 
vacuum at room temperature and stored at -20 °C until further use. 1H NMR 
and 13C-NMR spectra were recorded using a Varian Unity INOVA 700-MHz 
spectrometer. Spectra were acquired at 25 °C using D2O as solvent. PEI and 
methacrylated PEI samples were first dried in vacuum for 24 h and then 
dissolved in D2O and kept before spectra acquisition for 3 days. The extent of 
methacrylation of PEI was determined by peak integration following the 
procedure reported by Forrest et al.40 Fourier transform infrared (FTIR) 
spectroscopy of dried methacrylated PEI was performed on a Nicolet 6700 
spectrometer (Thermo Scientific) equipped with a single-reflection attenuated 
total reflectance accessory (Smart iTR) under ambient conditions. ATR 
spectra were acquired at 18 °C on dried samples.  ATR correction 
(germanium crystal) and baseline correction were applied to the data before 
analysis. Spectra were collected in the range 600-4000 cm-1 with a resolution 
of 4 cm-1 and averaging over 128 scans. 
 
4.3.3. Hydrogels swelling studies 
For analyzing the hydrogel swelling in water, methacrylated PEI samples 
were dried in vacuum and dry weights (Wd) were measured in glass vials. 
The hydrogels samples were prepared in quintuplicate. Next, the samples 
were incubated in ultrapure water at ambient temperature for five days to 
reach the equilibrium swelling state. Excess water was removed from the 
vials and the swollen hydrogel sample weights (Ws) were measured. The 
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swelling ratio was calculated as Ws/Wd averaging the weights of five 
different samples.  
 
4.3.4. Hydrogels structural studies 
Experimental studies to evaluate the intra- and inter- molecular distances 
between supramolecular hydrogels structures were carried out by small-angle 
X-ray scattering (SAXS) on a NanoSTAR instrument (Bruker AXS) 
equipped with a 2D position sensitive detector (Vantec 2000, Bruker AXS). 
PEI-MA 2, 3, 4, 5 and 7 hydrogel samples were weighted (200 mg) and 
swollen in 15 ml of ultrapure water (biological grade) for 7 days at room 
temperature until swelling equilibrium was reached.  The five hydrogels 
samples were measured at a sample to detector distance of 107.5 cm (SAXS 
configuration). The hydrogels were measured in Mylar cells, the measuring 
times were 7200 seconds and samples transmission was measured using a 
“Glassy Carbon” secondary standard. The scattering signal from an empty 
cell (kapton) was used for background correction. Scattering data  were 
analyzed and plotted with software SAXS for Windows
TM
 NT, Origin and 
Sigmaplot.  The hydrogel morphology, microscopic structures and pore 
network dimension were investigated by confocal laser scanning microscopy 
using an inverted Leica TCS SP5 confocal and multiphoton microscope 
(Leica Microsystems) equipped with a HeNe/Argon/MP laser source for 
fluorescence images and differential interference contrast optics for 
transmission images. Dry PEI-MA 3, 4 and 5 were weighted (40 mg, 41 mg 
and 40.6 mg respectively) and swollen until complete equilibrium at room 
temperature for 48 hours. After that the water in excess was removed, the 
hydrogels samples were immersed in 1 ml of Alexa Fluor®350 carboxylic 
acid succinimidyl ester (λabs = 346 nm and λfl = 442 nm) solution (1.4 mg/ml) 
at room temperature overnight to favour the adsorption of the fluorescent 
probe. Next, the samples were washed several times to remove excess 
 102 
 
fluorescent probe, and then  transferred to fluorodishes for microscopy 
observation using a two-photon laser source at 700 nm and a water 
immersion objective Leica HCX IRAPO L 25×/0.95 W. Z-stacks of 300 µm-
thick sections were collected. 
 
4.3.5. pH dependence and buffering capacity of hydrogels 
The hydrogels buffering capacity of branched PEI and its modifications (PEI-
MA 3, 4 and 5) was estimated from   pH titrations. pH measurements of  
branched PEI in basic solution to which HCl was added were performed by 
Mettler Toledo SevenLab pHmeter (0.01 pH unit sensitivity) with an  
InLab®Flex-Micro electrode. Branched PEI (100.1 mg) was dissolved in 50 
ml of a 10 mM NaCl solution and the pH was adjusted to 12.40 using 2 ml of 
1M NaOH. The solution was titrated with 0.1 M HCl until the pH was 1.99. 
The final volume of HCl solution needed to complete the titration was of 44 
ml. The titration of the swollen hydrogels was estimated in a different way 
with respect to the titration of branched PEI. The protons variation inside the 
hydrogels structures were estimated by measuring the external pH of the 
solutions where they were immersed. Dry PEI-MA 3, 4 and 5 polymers 
(100.6 mg, 100.2 mg and 100.2 mg respectively) were inserted in dialysis 
membrane with a MW 12-14,000 Da cut-off, and immersed in 50 ml of 10 
mM NaCl solution for 4 days at room temperature. The pH of external 
solutions of the swollen hydrogels samples, after reaching swelling 
equilibrium at room temperature, were adjusted with 1 M NaOH (2.55 ml, 
2.60 ml and 2.55 ml respectively) until the equilibrium pH  was 12.43, 12.33 
and 12.46, respectively, after 48 hours. The solutions prepared were titrated 
with 500 µl additions of 0.1 M HCl every 24 hours until the external 
solutions pH was 2.04, 2.38 and 2.13, respectively.  The final volume of HCl 
needed to complete the titration was 36.0 ml for PEI-MA3, 43.9 ml for PEI-
MA4 and 34.8 ml for PEI-MA5. Titration data were plotted with Origin Lab 
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software. The buffering capacity for the three hydrogels was calculated as 
reported by Forrest et al.40 The deprotonation kinetics of PEI-MA 3, 4 and 5 
hydrogels were estimated by mean titrations and were performed by Mettler 
Toledo SevenLab pHmeter (0.01 pH unit sensitivity) with a InLAB®Viscous 
pro pH electrode. Dry PEI-MA 3, 4 and 5 hydrogels (41.7 mg, 41.2 mg and 
41.8 mg respectively) were inserted in dialysis membrane with a thickness of 
12 mm and a MW 12-14,000 Da cut-off, and then immersed in 4.0 ml of 10 
mM NaCl solution for 4 days at room temperature. The electrode was 
directly inserted in the dialysis membrane and immersed into the swollen 
hydrogels. The initial pH value of the inner part of the hydrogels was 
measured as 8.99, 8.72 and 9.03, respectively. The titrations inside the 
hydrogels consisted in immersing the systems, composed by electrode, 
hydrogel material and dialysis membrane, directly into 3.47 ml, 3.43 ml and 
3.47 ml respectively of a solution prepared by mixing 50 ml of 10 mM NaCl 
and 2.55 ml of 1 M NaOH with final pH value of 12.14 (the volume of 
solution useful for the titration was calculated with respect to the dry 
hydrogels weight). The internal pH of the hydrogels was measured every 5 
min, since the first immersion, for a total time of 220 min. After 220 min the 
measured pH of the inner part of the hydrogels was 11.79 for PEI-MA3, 
11.88 for PEI-MA4 and 11.88 for PEI-MA5, and the pH of the external 
solution was 12.14, 11.88 and 11.88, respectively. Titration data  were plotted 
with  Origin Lab software. The hydrogel pH-depending properties were 
studied to evaluate the variations of the hydrogel microstructure, in terms of 
interconnecting pores and channels, with pH. 1.7 mg/ml Alexa Fluor®350 
solution was adjusted with 0.5 M HCl and NaOH until to obtain five 
solutions at different pH. Five solutions were also prepared without adding of 
fluorescent dye at the same pH values. The hydrogels were equilibrated at the 
selected pH values for 48 hours at room temperature with frequent changes of 
the solutions. After several rinses with the respective solutions, the hydrogels 
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were transferred to fluorodishes and were observed under laser scanning 
confocal microscopy (LSCM).  
 
4.3.6. Plasmid DNA entrapment and releasing assay 
DNA entrapment and elution experiments were performed with 6 mg of PEI-
MA 3, 4 and 5 hydrogels. The DNA used for the experiment was a pUC18 
modified plasmid. The DNA mixture for the entrapping experiment was 
prepared at 0.230 µg/µl starting concentration by dissolving 115 µg of DNA 
in molecular biology grade water.  Each hydrogel sample was incubated in 
the DNA mixture at 25°C in static and the entrapping kinetic were monitored 
by measuring the DNA concentration in the supernatant  using the 
absorbance at 260 nm on a Nanodrop spectrophotometer (Thermo Scientific) 
at different times ranging from 0 to 360 min. Gel incubated in pure water was 
used as a control. After the entrapping, each gel was washed five times in 
water. The elution experiment was performed by incubating the gel in 500 µl 
of 50 mM NaOH, 10 mM NaCl pH 12.5 buffer in static at 25°C. The elution 
kinetics were monitored by measuring the DNA concentration in the 
supernatant at different times ranging from 0 to 105 min. All the experiments 
were performed in triplicate for each hydrogel type. The integrity of the DNA 
during the entrapping and elution experiments was evaluated by agarose gel 
electrophoresis (1% agarose). 5 µl of plasmid released solution was collected 
from each sample at different times during the entrapment kinetics 
experiment and after the elution step and loaded on agarose gel. The agarose 
electrophoresis was performed in 1X TAE buffer by applying a voltage of 
100 V for 50 minutes. The electrophoretic mobility of the DNA bands was 
visualised at Gel Doc XR (Biorad). 
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4.4. Result and Discussion 
 
4.4.1 Synthesis of PEI supramolecular hydrogels 
Supramolecular hydrogels were prepared taking advantages of the branched 
PEI properties and of the intrinsic capabilities to self-assemble when the 
starting PEI material was modified with methacrylic groups. To start from the 
experimental observation related to PEI-MA2 hydrogel formation, we 
prepared several hydrogels from branched PEI with different molar ratio 
between the amine groups and the methacrylic anhydride  and we obtained 
five methacrylated PEI gels, which effectively showed new and different 
properties among them. The synthetic strategies for the PEI-based hydrogels 
were aimed to produce novel soft materials able to complex biomolecules 
and releasing them in a controlled manner. The synthesis of the 
methacrylated branched PEI is illustrated in Figure 4.1., where a generic 
methacrylation process is reported. The primary and secondary amine groups 
of PEI attacked the carbonyl carbon of the methacrylic anhydride to form an 
amide bond. TEA was added as a Lewis base catalyst to enhance the 
nucleophilicity of the amine groups. Methacrylic acid was formed as a by-
product and was easily removed from the hydrogels through dialysis against 
ultrapure water and ethanol in several cycles for one week. After 18 hours of 
reaction, we observed that all samples in the round-bottom flasks were 
spontaneously assembled in DCM, and they appeared in volume reduced 
with respect to the starting material and amber in colour. After that the excess 
of DCM was removed under vacuum and at the end of the purification step 
the swollen materials appeared like glass with different consistence and 
completely transparent (Figure 4.1a, 4.1b and 4.1c). We assume that the 
introduction of hydrophobic moieties along the polymers backbone modified 
the amphiphilic properties of branched PEI in a balanced equilibrium of weak 
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interactions, which drives a spontaneous self-assembly according to solvent 
interactions. Thus, when the PEI-MA macromolecules are solved in DCM the 
gel network formed is dependent on hydrogen bonds and electrostatic charges 
between the hydrophilic portions, whereas when they are immersed in water 
the network depends on the hydrophobic portions and the hydrogen bonds 
with the solvent.  
 
 
Figure 4.1. – a) General synthetic scheme of supramolecular hydrogels by methacrylation of 
branched PEI: a) indicative reaction scheme of branched PEI (Mw ∼ 25 kDa) with methacrylic 
anhydride and triethylamine in dichloromethane; photograph of hydrogel after swelling in water b) 
PEI-MA 3; c-e) PEI-MA 4 and d) PEI-MA 5. 
 
4.4.2 Hydrogels characterization by FTIR and NMR 
The successful incorporation of the methacrylated group into branched PEI 
was demonstrated by ATR-FTIR and 1H NMR spectroscopy, which were 
used to investigate and quantify the modified PEI at the level of the amine 
groups. In ATR-FTIR spectroscopy, the spectrum of unmodified branched 
PEI in the fingerprint region (Figure 4.2.) shows typical absorbance bands at 
1123 cm-1 for C−N stretching vibrations of secondary amines, at 1298 cm-1 
for C−N stretching vibrations of primary amines and CH bending vibrations, 
at 1458 cm-1 for N−H bending of secondary amines and CH2 scissoring 
 107 
 
vibrations, and at 1585 cm-1 for N−H bending vibrations of primary amines41.  
After reaction with methacrylic anhydride, for every one of the five dried 
hydrogels, the appearance of strong absorption bands in the region 
1600−1700 cm-1 and at 1542 cm-1 indicated the formation of amide groups. 
The peak at 1652 cm-1 and 1615 cm-1 can be assigned to the C=O stretching 
vibration of the amide groups (amide I band), whereas the peak at 1542 cm-1 
is related to the C−N stretching vibration (amide II band). FTIR 
measurements also show a decrease of the absorption bands at ∼1300 cm-1 
and at ∼1100 cm-1 after reaction, which confirms that methacrylation, occurs 
at both primary and secondary amines of PEI. Next, we investigated the 
extent of the PEI amines methacrylation using NMR spectroscopy (Figure 
4.3.). The relative ratio of the different amine functional groups in the 
commercial PEI starting material follows the ratio of 31% primary, 39% 
secondary and 30% tertiary amines, as determined from 13C NMR analysis 
previously reported in the literature.42 This ratio corresponds to a branching 
factor (% secondary / % tertiary amines) of 1.30, meaning that nearly every 
second nitrogen forms a branch. After chemical modification of PEI with 
methacrylic anhydride, we determined the extent of secondary and tertiary 
amide formation by 1H NMR analysis using a procedure adapted from the 
literature,40 in particular by analysis of δ 1.70-1.75 peaks corresponding to 
methacrylated secondary amines [−NH−COC(CH2)CH3] and δ 2.0-2.1 peaks 
corresponding to methacrylated tertiary amines [>N− COC(CH2)CH3]. From 
this analysis, we determined that the overall methacrylation extent of 
branched PEI amines amount to 19.8% for PEI-MA2, 31.1% for PEI-MA3, 
23.5% for PEI-MA4, 31.0% for PEI-MA5 and 29.2% for PEI-MA7 as 
reported in Table 4.1. The methacrylation reactions were greatly influenced 
by the large number and different chemistry reactivity of the terminal 
functional amine groups, moreover they were also influenced by the 
amphiphilic property of branched PEI. The percentages of methacrylated 
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tertiary amines [>N−COC(CH2)CH3] (ex secondary amines) and secondary 
amines [−NH−COC(CH2)CH3] (ex primary amines) after methacrylation 
were calculated by 1H-NMR analysis from the areas of the peaks  related to 
methyl and methylene signals. As showed in the Table 4.1, it was  evident 
that for  our reaction conditions the secondary amines were more reactive 
then  primary ones because the percentages of tertiary amines 
[>N−COC(CH2)CH3] after methacrylation for each  hydrogel were higher 
than the percentages of secondary amines [−NH−COC(CH2)CH3]. 
Surprisingly, 1H-NMR analysis highlighted some periodic properties of the 
PEI-MA hydrogels. As showed in Figure 4.4., the PEI-MA 3 and 5 hydrogels 
presented methacrylated tertiary amines percentages higher than those 
estimated in PEI-MA 2, 4 and 7, as well as percentages of methacrylated 
secondary amines in PEI-MA 3 and 5  higher than those estimated in PEI-
MA 2 and 4. The percentage of methacrylated secondary amines for PEI-MA 
7 was not following the trend as other hydrogels amines percentage. This 
anomaly can be explained referring to the reaction conditions. In fact, for the 
preparation of the PEI-MA7 hydrogel an excess of anhydride methacrylic 
was used, which probably increased the coupling reactions of the primary 
amines in the starting material. We concluded that at the reaction condition 
used the secondary amines of branched PEI resulted more reactive than those 
primary ones. In fact, the branched PEI is a complex amphiphilic polymer, 
which can give a wide number of intramolecular weak interactions, like the 
hydrogen bonds between primary amines, when it is solved in DCM, and the 
van der Waals forces between secondary amines and solvent molecules, 
being they more hydrophobic than primary amines. The distribution of these 
interactions enhanced the availability of the secondary amines for coupling 
reactions, probably because the spatial distributions of polymer chains 
contributed less to the steric hindrance.  This asymmetry in the reactivity of 
PEI amines was a relevant feature for the self-assembly of the modified PEI-
MA macromolecules into an hydrogel network, as the hydrogen bonding 
 109 
 
interactions at the level of methacrylated secondary amines 
[−NH−COC(CH2)CH3] contributes to sustain the hydrogel structure in water.  
 
 
 
 
Figure 4.2. - ATR-FTIR absorbance spectra of dried branched PEI and methacrylated PEI hydrogels 
(PEI-MA) collected under ambient conditions. 
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Figure 4.3. - 1H NMR spectra at 700 MHz of methacrylated branched PEI hydrogels in D2O at 25 
°C. The peaks at 2.5-3.0 ppm were assigned to protons of PEI backbone, the characteristic peak at 
1.70-1.75 ppm (a) to methacrylated secondary amines [−NH−COC(CH2)CH3] and the peak at 2.0-2.1 
ppm (b) to methacrylated tertiary amines [>N− COC(CH2)CH3]. 
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Table 4.1. - Properties of the methacrylated PEI derivatives:  percentages of methacrylation as 
determined from 1H-NMR; percentages of primary and secondary amines reacted calculated with 
respect to amines of starting branched PEI from 1H-NMR; methacrylation yields in percentage for 
PEI-MA hydrogels. 
 
 
Figure 4.4. – Histogram of percentage of secondary (in blue) and tertiary (in red) methacrylated 
amines via H1-NMR calculated: evidence of secondary amines of starting branched PEI more 
reactive of primary amines and periodic characteristics of methacrylation reactions varying only 
methacrylic anhydride molar ratio with respect to total amount of amines. 
 
4.4.3. Supramolecular nature of PEI-MA hydrogels 
The supramolecular nature of the PEI-MA hydrogels was verified through 
1H-NMR analysis from to absence of the characteristics peaks of the eventual 
crosslink evidences and also by conformational changes of the hydrogel 
network structures upon temperature variation. For PEI-MA 4 the 
conformational changes of the building block assemblies were evaluated 
0
10
20
30
40
50
60
1 2 3 4 5
NH‐MA
N‐MA
 112 
 
using the inverted Leica TCS SP5 laser scanning confocal microscope 
(LSCM). Experiments were conducted at 4 °C and 40 °C.  Hydrogels stained 
with ATTO 647N fluorescent dye,  after been completely swollen in water, 
were transferred to  fluorodishes (World Precision Instruments, Inc.) 
and imaged by LSCM equipped with a HeNe excitation laser at 633 nm, 
detecting 650-750 nm emission band, and using a Leica HCX IRAPO L 
25×/0.95 W water immersion objective. Transmitted-ligth brightfield images 
were simultaneously acquired as well. Z-stacks of 300 µm-thick sections 
were collected. In Figure 4.5. the conformational changes of the PEI-MA 4 
hydrogel as dependent on temperature  are shown. The network at 4 °C 
appears as a closed structure  arranged  in overlapping layers, whereas at 40 
°C the structure appears open and organized to form a more complex 
conformation of the network. This behaviour is consistent with the 
temperature responsiveness of supramolecular hydrogels. The different 
molecular network arrangement is depending on the different molecular 
spatial distribution so that the interactions established are mediated by the 
conformational changes of the building blocks.  
 
 
Figure 4.5. - Confocal fluorescence microscopy images of PEI-MA 4 stained with ATTO 657N  
imaged by a HeNe excitation laser at 633 nm, detecting 650-750 nm emission band: images show the 
 113 
 
conformational arrangement of PEI-MA 4 hydrogel at 4 ˚C (left) and 40 ˚C (right), that are typical 
for supramolecular hydrogels.   
4.4.4. Swelling studies of PEI-MA hydrogels   
The PEI-MA hydrogels swell in water to a large extent and the networks are 
capable of absorbing a large volume of water, and appear clear as compared 
to the yellow coloured gel formed after swelling in DCM. The degree of 
swelling of the hydrogels was dependent on the pore size of the polymer 
networks and the interaction between the polymers and the solvent 
molecules. Hydrogels showed periodic properties also regarding the swelling 
properties in water. As reported in Table 4.2., the PEI-MA 4 swelling is 
higher with respect to other hydrogels: this behaviour finds explanation 
considering the different amounts of methacrylated secondary and tertiary 
amines assembled in the hydrogels structures. As reported in Table 4.2., the 
ratio between tertiary and secondary methacrylated amines in PEI-MA 
hydrogels confirmed the changes of the properties between different 
hydrogels prepared varying the molar ratio of nitrogen and methacrylic 
anhydride. The ratio of tertiary amines over secondary amines followed the 
periodic properties of the hydrogels, and this that an effective explanation 
regarding the composition in secondary and tertiary amines as showed in 
figure 4.4., because they played a fundamental role for the assembly of the 
methacrylated PEI polymer to give the supramolecular hydrogels. In fact, the 
swelling factors were also related to methacrylation yields percentage. For 
PEI-MA 4 with methacrylation yield of 23.5% the swelling factor was higher 
than other hydrogels: the fine balance between hydrophobic and hydrophilic 
amines after methacrylation created a structuring such to enhance the 
absorption of water molecules. We observed that for PEI-MA 4 the ratio 
between primary and secondary ammines, which became secondary and 
tertiary amines after methacrylation, went from about 8 to 15, before and 
after methacrylation reaction. In fact, PEI-MA 3 and PEI-MA 5 showed to 
have almost identical swelling factors and percentage of methacrylation 
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yields.  Similarly, PEI-MA 2 and PEI-MA 7 showed similar swelling factors 
but different percentage of methacrylation yields. However, in every case the 
ratio between primary and secondary amines went from 8 to 15, before and 
after methacrylation reaction. We concluded that the maximum swelling ratio 
could be reached when it was established the ratio above reported: the 
composition in terms of secondary and tertiary amines played a fundamental 
role to sustain the structures of the swollen hydrogels in water, as to give the 
spatial distribution of modified PEI polymers when they assembled to form 
the supramolecular network. In the end, the amount of water that hydrogels 
were able to absorb was related to the adopted supramolecular structure and, 
consequently, also to the pores size of the networks formed.  
 
Table 4.2. - The swelling ratio was calculated by Ws/Wd averaging the weights of five different PEI-
MA hydrogels obtained varying the methacrylic anhydride molar ratio; percentage ratio between 
tertiary and secondary methacrylated amines as indicative of the methacrylation ratio; 
methacrylation percentage yields for PEI-MA hydrogels. 
 
 
4.4.5. Morphological analysis of PEI-MA hydrogels  
Small-angle X-ray scattering (SAXS), where the scattering intensity of a 
molecule as a function of spatial frequency (SAXS profile) is determined, is 
normally used to elucidate the structures of supramolecular gels. In spite of 
all these investigations, several aspects of the process by which gelators 
aggregate to form gels are poorly understood and the process of gel formation 
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remains an area of intense interest. For the hydrogels in our investigation 
(PEI-MA 2, 3, 4, 5, and 7), the spectra in the region of the scattering vector q  
between 0.1 and 0.3 Å-1  were fitted according to the relation I(q) ~ q-α, 
where the value of the slope α can be used as a measure of the network 
density of the hydrogel structure43. The values of the slope are reported in 
Figure 4.6. and were in the range from -1.5 to -1.9 for all hydrogel samples, 
which corresponds to mass fractal values for rigid rod to lamellae/linear 
swollen branched polymers. None of the hydrogels have compact structures 
with well-defined interfaces, with thePEI-MA 4 hydrogel (smallest slope 
value of -1.52) with the more loosely connected network. For all hydrogels, 
we observed a broad peak in the scattering profiles at q ∼ 0.7 nm-1, which 
according to Bragg’s law corresponds to a structure with dimensions of 
around 9 nm. This result indicate that the hydrogel might have a well-ordered 
lamellar structure with a characteristic period of approximately 9 nm, in 
agreement with previously reported hydrogels obtained from PEI modified 
with octadecanoic acid44.  
Fluorescence microscopy was found to be useful for determining the 
microstructure and to reveal the inner morphology of the swollen hydrogels. 
From the observation of the fluorescent images it was possible to have an 
indication on the microstructures of the hydrogels and to visualize the pore 
connections in the hydrogels network. Confocal laser scanning microscopy 
images of the gel stained with Alexa Fluor®350 carboxylic acid succinimidyl 
ester are reported in Figure 4.7. PEI-MA 3, 4 and 5 swollen hydrogels were 
first treated with a water solution of Alexa Fluor®350 dye, then after several 
rinses  they were transferred  to fluorodishes and observed under microscope 
at room temperature. In Figure 4.7.d the PEI-MA4 3D network structure is 
showed, revealing the presence of many irregular interconnecting pores and 
relatively open hydrogel structure. In Figure 4.7.a and e the PEI-MA 3 and 5 
3D network structures are reported, and, in those cases, the fluorescent 
imaging showed relatively absence of pores but networks of interconnected 
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channels with different thickness and a relatively lower opening of the 
hydrogels structures. These finding are supported by the swelling factors 
estimated for three hydrogels, and are in agreement with the SAXS analysis 
of the network structure. In fact PEI-MA4 showed a maximum swelling 
factor due to mostly open structure and presence of many pores shapes which 
allowed the hydrogel to trap more water. The structuring of the hydrogels as 
reported above depended also on the  methacrylated amines compositions, 
and the analysis of the microstructures confirmed that the different 
arrangement of the modified polymers  was related to the interactions 
established when the hydrogels self-assembled in supramolecular structures. 
 
 
 
 
 
Figure 4.6.- SAXS data/analysis, spectra in the region of the scattering vector q between 0.1 and 0.3 
Å-1. PEI hydrogels show structure with dimensions of around 9 nm, assumed as lamellae 
organization. 
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Figure 4.7. - Confocal fluorescence microscopy imaged sequences (b-d-f) show a z-stack of 10-µm-
thick sections across 50 µm of PEI-MA 3, 4 and 5 respectively and white light transmission images 
(a-c-e) showing the porous microstructure of the supramolecular PEI-MA hydrogels labeled with 
Alexa Fluor® 350 dye. g-h-i) overlapping sequences shows a z-stack of 300-µm-thick sections across 
of hydrogels samples. All scale bars are 50 µm. 
 
4.4.6. Buffering capacity 
The responsive properties of PEI-MA hydrogels depending on pH were 
studied by means of acid-base titrations. Being branched PEI a polyamines it 
has in its backbone a large number of amine groups and the buffering 
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properties are influenced by the different protonation equilibriums of the 
amine pairs according to Lewis theory. Therefore we characterized the acid-
base activities of the branched PEI used in this work by collecting HCl 
titration curves to estimate the pKb constants at the different protonated 
amines ratio. We found in the starting PEI polymer, three distinct inflection 
points along the profile curve reported in Figure 4.8. (red curve). For the 
inflection points the pKb values were estimated, and they were for primary 
amine pKb1 in the range 4-5, for secondary amine the pKb2 in the range 6-7, 
and for tertiary amine the pKb3 in the range 9-10. These values correspond to 
three different protonation equilibriums due to usual protonation scales of 
primary, secondary and tertiary amines of the unmodified PEI polymer. In 
particular PEI presented a much higher protonation ratio of amine groups at 
low pH than at high pH. As reported in Figure 4.8., the methacrylic groups 
conjugated to primary and secondary amines influencing strongly the 
protonation equilibrium of the hydrogels. In fact, the conversion  of primary 
amines to secondary amides and secondary amines to tertiary amides shifted 
the average protonation constant of the PEI polymer, which became more 
acidic for PEI-MA 3 and 5 hydrogels (Figure 4.8., blue and green curves) and 
more basic for PEI-MA 4 hydrogels (Figure 4.8., black curve). The buffering 
capacity as showed in Table 4.3. was calculated for each sample considering 
the ratio between proton moles to the total amine moles (primary, secondary 
and tertiary).  PEI branched exhibits a buffering capacity, defined as the 
change in protonation per amine between pH 8.6 and 5.6, of 0.257 mol 
H+/mol N, while for the PEI-MA 4 hydrogels the buffering capacity resulted 
enhanced to 0.650 with a pronounced plateau around a pH value of 8.3, 
where a complete crossing of the titration profile of the PEI branched was 
noted. These results are again in agreement with 1H-NMR analysis and again 
as reported in Table 4.1., the percentage of secondary and tertiary amides 
formed in PEI-MA 3, and 5 hydrogels presented similar values of 
methacrylation on starting primary and secondary amines of PEI. In PEI-MA 
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4 hydrogels we noted that the new modified conditions shifted the final 
protonation equilibrium to highest value of buffering capacity. We concluded 
that the variation of the ratio between free amines and methacrylated amines 
of the hydrogels altered the protonation properties of unmodified branched 
PEI because the proton balances between pairs of amines were altered. In 
addition, the hydrophobic interactions between methacrylated groups might 
modify the normal proton exchanges due to steric hindrance when the 
hydrogels completely reached the swelling equilibrium and minimized their 
free energy.  
 
 
 
 
Figure 4.8. – Titration curves by 0.1 N HCl for the branched PEI (red line), PEI-MA 3 (blue line), 
PEI-MA 4 (black line) and PEI-MA 5 (green line). 
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Table 4.3. - Physiological buffering capacity defined as the change in protonation per amine 
between pH 8.6 and 5.6 and expressed in mol H+/mol N. V HCl is the volume of 0.1 N HCl added to  
equilibrate the hydrogels at pH 8.6 and 5.6. 
 
 
4.4.7. Morphological analysis at different pH values of PEI-MA 4 
Due to the nature of the PEI-MA hydrogels, we supposed that the pH 
variations influenced the assemblies of modified macromolecules to give 
microstructural changes. In particular, we studied the pH depending 
properties of the PEI-MA 4 hydrogel. Confocal laser scanning microscopy 
images of the gel  stained with Alexa Fluor®350 carboxylic acid 
succinimidyl ester are reported in Figure 4.9., and show the structural 
changes of the interconnecting pores and channels systems when the pH of 
the external solution, in which  the  hydrogels previously swollen in water 
were immersed, was varied. We observed that from pH=2 to pH>12, the gel 
structure becomes much more dense and the large pores (Figure 4.9a) 
changed to channels until to reach a compact structure (Figure 4.9e). The 
results showed that the effect of altering the hydrogen bonds network by pH 
changes determined a different arrangement of the empty spaces inside the 
hydrogels. This behaviour highlighted the pH-responsive character of the 
supramolecular PEI-MA hydrogel.  
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Figure 4.9. - Confocal fluorescence microscopy imaged sequences (left) and white light 
transmission images (bottom) showing the porous microstructure of the supramolecular PEI-MA 4 
hydrogel labeled with ATTO 647 N dye; different pores size and distribution at varying pH values 
were observed: from open structure in image a) to close structure in image i) with increasing pH 
value. All scale bars are 30 µm. Fluorescence images (m-n-o) showing overlapping sequences with a 
z-stack of 10-µm-thick sections across 300 µm. All scale bars are 50 µm. 
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3.4.8. Entrapping and release kinetics of plasmid DNA 
PEI polymers, being polycations, have been widely used as non-viral gene 
carriers because they form stable complexes with nucleic acids by 
electrostatic interactions, and their binding and release properties have been 
studied. We evaluated the entrapping and releasing kinetics of plasmid 
pUC18 for PEI 3, 4 and 5 hydrogels, and as reported in Figure 4.10, they 
showed exceptional binding properties with respect to plasmid DNA. As for 
the polyplex formation, reported in literature, electrostatic interactions were 
responsible for DNA complexation, and so in PEI-based hydrogels as well 
the plasmid adsorption into the hydrogel network was driven by those type of 
interactions. Being the hydrogels formed by solid networks, the adsorption 
also depended on the size of the supercoiled plasmid and on the shapes of 
pores and channels formed during the assembly of the methacrylated PEI 
polymers. The entrapping kinetic data, reported in Table 4.4., were in 
agreement with the microstructural characterization of the gels network. 
Where the hydrogel network showed a more openstructure, as for PEI-MA 4, 
the plasmid was adsorbed with higher capacity and more rapidly than in PEI-
MA 3 and 5 hydrogels, which showed a more closed network structure. On 
the other hand, the releasing kinetics did not show a similar behaviour 
because the DNA was released in the same manner for all hydrogels. Since 
the elution of plasmid was induced by  a basic solution at pH=12.57, we 
supposed that plasmid release was influenced more by microstructural 
changes due to a network closure at high pH values,  which altered the 
protonation equilibrium of the amines pairs. Regarding the amount of 
entrapped DNA, we believe that the driving forces played a fundamental role. 
As a consequence, the number of the electrostatic interactions between PEI 
and DNA were depending on the methacrylated amines ratio and on the 
effective positive charge number of the three different hydrogel networks.  
Regarding the DNA release, instead, we think that the protons variations 
induced the break of gel-DNA complexes and the pH-mediated 
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microstructural changes enhanced the diffusion process allowing release of 
the plasmid. In addition, we verified the integrity of the DNA plasmids 
during the entrapping procedure and upon the elution steps. The plasmid 
integrity was evaluated electrophoretically on 1% agarose gel. As reported in 
Figure 4.11., the DNA amount in the supernatant decreases during the 
entrapping step for PEI-MA 4 hydrogels (lane 3, 4, 5, 6). The PEI-MA 5 gel 
shows a slower entrapping since any visible difference in DNA is visible in 
its supernatant (lane 7, 8, 9, 10). Moreover the DNA integrity is preserved 
during the entrapment as well as upon the elution step (lane 12, 13). 
 
Table 4.4. - Plasmid DNA (µg/mg) entrapped and released from PEI-MA 3 (blue line), PEI-MA 4 
(red line) and PEI-MA 5 (green line) hydrogels; percentages of plasmid DNA entrapped and 
released. 
 
 
 
Figure 4.10.– plasmid DNA entrapping and release kinetics using elution buffer obtained from 10 
mM NaCl in 50mM NaOH with final pH of 12.57.  
. 
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Figure 4.11. – Electrophoresis experiments on agarose gel to demonstrate that  DNA integrity is 
preserved during  entrapment as well as upon  elution step. 1-2) DNA sample T0 ; 3-4-5) PEI-MA 4 
supernnatant during entrapping DNA; 6-7-8) PEI-MA 5 surnatant during entrapping DNA; 9-10) 
PEI-MA 3 surnatant during entrapping DNA; 11) DNA molecular weight ladder; 12) Eluted DNA 
from PEI-MA 4 and 13) Eluted DNA from PEI-MA 5. 
 
4.5. Conclusions 
 
Hydrogels based on branched PEI  were synthetized, characterized and 
investigated for releasing plasmid DNA  in a controlled manner. These 
hydrogels were prepared after  chemical modification of primary and 
secondary amines of the branched PEI with methacrylate groups. The 
supramolecular nature of the prepared hydrogels was verified from to 
absence of characteristics peaks of the eventual crosslinking evidence by 1H-
NMR analysis and also by observing the conformational changes of the 
network assembly after varying temperature. We concluded that the 
introduction of methacrylic groups on primary and secondary amine of the 
starting PEI material significantly changed the anphiphilic nature of branched 
PEI , and with the addition of hydrophobic groups a fine balance with 
hydrophilic interaction was obtained, which resulted in  a supramolecular 
architecture. PEI-MA hydrogels swelled  to a large extent in  water and its 
swelling properties can be modulated by the amount of methacrylic groups 
introduced in the polymer structure.  Interestingly, PEI-MA hydrogels 
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showed periodic properties due to the different contributes in terms of 
chemical modifications as verified by 1H-NMR analysis. Surprisingly, in our 
reaction conditions the methacrylation process was more predominant on 
secondary amines of the starting material than on primary amines. This 
behaviour is related to the hydrogen interactions between primary amines as 
the gel was prepared in DCM. PEI-MA 4 hydrogels showed the larger 
swelling factor and through NMR analysis it was verified that the ratio 
between secondary and tertiary methacrylated amines was of 8:15, differently 
from other hydrogels where this ratio was similar for PEI-MA 3 and 5, and 
not for PEI-MA 2 and PEI-MA 7 due to the use of methacrylic anhydride in 
excess, which increased the mathacrylation on primary amine groups of the 
startingPEI material. The ratio 8:15 is indicative of the consolidation of the π-
stacking interaction between one secondary and two tertiary methacrylated 
amines after reaction. The swelling behaviour of the hydrogels was 
confirmed in the morphological analysis where for PEI-MA 4 a pseudo-
spherical pore structure as opposed to channel formation in the other 
hydrogels could be assessed. In SAXS measurements  the self-assembly of 
PEI building blocks in overlapping lamellae with a characteristics repeating 
distance of about 9 nm, due to the presence of π-stacking interaction, was 
determined. The  pH-dependent properties were also estimated for PEI-MA 
3, 4 and 5 hydrogels showed different values in terms of buffering capacity, 
Further, these hydrogels showed ability to entrap and release plasmid 
supercoiled DNA of 2800 pb without denaturing  its structure. Entrapping 
kinetics for PEI-MA 4 showed a rapid DNA absorption up to 14 µg per mg of 
dried hydrogel, whereas in releasing kinetic it was observed that the plasmid 
was released not only through electrostatic interactions but also by diffusion 
mechanism due to plasmid size.  These interesting chemical and physical 
properties and unusual behaviour of supramolecular PEI-based hydrogels 
make them a sophisticated potential platform where the function, activity and 
mobility of biomolecules can be manipulated for significant advances in bio-
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nanotechnology and nanomedicine. In this scientific contest the use of 
supramolecular hydrogels results still today a great challenge and their 
development can be useful for a wide variety of future applications.   
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5. CHAPTER 3 
A supramolecular two-photon-active hydrogel from polyethyleneimine 
for photo-conjugation at near-infrared wavelengths* 
 
 
5.1. Abstract 
 
The precise distribution of extracellular bioactive signals is crucial for 
cellular responses in a myriad of processes that include adhesion, 
differentiation and ultimately tissue organization. The patterning of chemical 
and biochemical signals within hydrogels allow to adding complexity 
towards their use as cell microenvironments for biomedical applications. 
Therefore, cell-instructive materials and cell recognition are mains aspect to 
consider for exploit cellular guidance behaviour.  Here, we present a three-
dimensional photopatterning system that utilizes photo-conjugation at near-
infrared wavelengths and permits extensive modifications of supramolecular 
PEI-based hydrogels. This method combined with chemically activated 
hydrogel network promoted biomolecular immobilization using an easy 
conjugation procedure and without the addition of chemical activators. We 
demonstrated three-dimensional photopatterning abilities of the hydrogel by 
means of multi-photon microscopy experiments. At the same time, we 
established that the hydrogel platform showed 3D patterning capabilities in 
presence of molecular probes with free carboxylic acid and their derivates, or 
hydroxyl groups. In particular, we also demonstrated that RGD peptide could 
be photo-conjugated at micro spatial resolution and the chemical selectivity 
of the method allows to immobilize multiple signals, due to the number of 
--------------------------------------------------------------------------------------------- 
*The work in this chapter has been submitted for publication by A. Paciello and M. 
G. Santonicola. 
--------------------------------------------------------------------------------------------- 
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affinity reactive handles accessible for secondary reaction on the hydrogel. In 
addition, the method permits to exploit photobleaching of fluorescent probes 
to generate patterns and concentration gradients with submicron spatial 
resolution. In the end, in combination with bioactive molecules, these 
hydrogels represent a novel cell-instructive platform that can be selectively 
encoded with active signals, with relevant applications in biotechnology and 
medicine.   
 
5.2. Introduction 
 
The ability of patterning hydrogel materials on the nano- and microscale has 
become a key strategy in the fabrication of advanced biomaterials presenting 
controlled and predetermined spatial patterns of biological cues, most notably 
for guiding cell growth and differentiation.1-3 In particular, laser irradiation 
has emerged has an easy and direct approach to selectively functionalize soft 
transparent materials with sub-micron resolution,4 thus offering the 
possibility for the precise immobilization of bioactive signals into three-
dimensional scaffolds. Despite the highly relevant applications, today most of 
the available photopatterning strategies rely on materials that are cross-linked 
under light irradiation after addition of a photoinitiator.5 One of the major 
limitations of this process is that photoactive initiators mostly respond to UV 
radiation, which is limited by its cytotoxicity and very low tissue penetration 
power. Supramolecular polymeric hydrogels are three-dimensional networks 
of macromolecules held together through a delicate balance of non-covalent 
interactions such as hydrogen bonding, hydrophobic effects, and electrostatic 
forces.6 In aqueous solutions, where these interactions can be strong, 
supramolecular polymers self-assemble into robust, yet adaptive structures 
with exceptional water-entrapping properties,7 thus generating highly 
biocompatible materials.8-9 Due to their adaptive properties and to the 
versatility of bioconjugation strategies for macromolecules,10-12 
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supramolecular hydrogels formed by natural and synthetic polymers are 
extensively investigated by the biomedical research community in the 
bottom-up fabrication of biomaterials for tissue engineering and drug 
delivery.13 In this work, we report a simple and effective method to generate 
a supramolecular photo-responsive hydrogel on which micropatterns of 
biomolecules can be written using near-infrared (NIR) light. To our 
knowledge, our approach represents the first supramolecular hydrogel based 
on chemically modified polyethyleneimine that can be permanently patterned 
with bioactive molecules in the near-infrared region. We show that this 
method allows for an easy and precise modulation of the hydrogel surface 
properties on the micrometer scale by direct laser patterning in multiphoton 
microscopy without the need of additional photoinitiator molecules active 
under UV irradiation, which are often toxic in biological systems. The novel 
hydrogel that we present has the potential to overcome the limitations posed 
by currently available photopatternable hydrogels in biomedical applications, 
most notably tissue engineering, opening the way for in vivo micropatterning 
applications of these materials.  
 
4.3. Materials and methods  
 
5.3.1. Chemicals and general materials 
Branched polyethylenimine (MW~25,000 Da average, Mn~10,000 by GPC), 
methacrylic anhydride (94%,d=1.035 g/cm3), ethanol absolute, 6 
aminofluorescein, methacryloxyethyl thiocarbonate rhodaamine B, RGD, 
biotin free carboxylic group, and biotin free amine group were purchased 
from Sigma-Aldrich. ATTO 647N free carboxylic group, ATTO 647N free 
amine group and streptavidin labelled with ATTO 647N were purchased 
from ATTO-TEC GmbH. Alexa Fluor®350 carboxylic acid succinimidyl 
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ester was purchased from Invitrogen Life Technology.  Dichloromethane 
(DCM) stabilized with extra dry amilene, triethylamine (TEA) and ultrapure 
water (Super purity Solvent,SpS) were purchased from Romil Pure 
Chemistry. Deuterium oxide (100 atom% D) was purchased from ARMAR 
Chemicals Switzerland. Reagents and solvents were used without further 
purification unless otherwise specified. Spectra/Por® Dialysis membrane 
with cut-off MWCO:12-14,000 Da was purchased from Spectrum 
Laboratories, Inc.  
 
5.3.2. Hydrogel synthesis 
PEI-MA hydrogels were prepared by reaction of 25-KDa branched PEI with 
methacrylic anhydride and triethylamine in dichloromethane. Branched PEI 
(1 g, 4.0×10-5 mol) was first dried under vacuum and then dissolved in 3 mL 
of dichloromethane under argon flow. After 30 min, methacrylic anhydride 
(148 µL, 9.9×10-4 mol) and triethylamine (10 µL, 7.2×10-5 mol) were added, 
and the mixture was kept stirring for 18 h at room temperature under argon. 
After synthesis, the hydrogel material was first dried under vacuum for 12 h 
to remove excess dichloromethane. Next, the gel was dialyzed for one week 
against ultrapure water and ethanol in several cycles using Spectra/Por 2 
dialysis membranes (12,000-14,000 MWCO, Spectrum Laboratories) to 
remove unreacted methacrylic anhydride and triethylamine. After 
purification, the PEIMA hydrogel was dried under vacuum at room 
temperature and stored at -20 °C until further use.  
 
5.3.4. Hydrogel characterization 
1H NMR spectra were recorded using a Varian Unity INOVA 700-MHz 
spectrometer. Spectra were acquired at 25 °C using D2O as solvent. PEI and 
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methacrylated PEI samples were first dried in vacuum for 24 h and then 
dissolved in D2O (100% D, Armar Chemicals). The extent of methacrylation 
of PEI was determined by peak integration following the procedure reported 
by Forrest et al.14 Fourier transform infrared (FTIR) spectroscopy of dried 
methacrylated PEI was performed on a Nicolet 6700 spectrometer (Thermo 
Scientific) equipped with a single-reflection attenuated total reflectance 
accessory (Smart iTR) under ambient conditions. Spectra were collected in 
the range 600-4000 cm-1 with a resolution of 4 cm-1 and averaging over 128 
scans. The ATR correction (germanium crystal) and baseline correction were 
applied to the data before analysis.  
 
5.3.5. Swelling studies 
For analyzing the hydrogel swelling in water, methacrylated PEI samples 
were dried in vacuum and dry weights (Wd) were measured in glass vials. 
Next, the samples were incubated in ultrapure water at ambient temperature 
for 5 days to reach equilibrium swelling state. Excess water was removed 
from the vials and the swollen hydrogel sample weights (Ws) were measured. 
The swelling ratio was calculated as Ws/Wd averaging the weights of five 
different samples.  
 
4.3.6. Morphological analysis 
The hydrogel morphology was investigated by confocal laser scanning 
microscopy using an inverted Leica TCS SP5 confocal and multiphoton 
microscope (Leica Microsystems) equipped with a HeNe/Argon/MP laser 
source for fluorescence images and differential interference contrast optics 
for transmission images. Hydrogel samples were first rehydrated in pure 
water for four days, and then incubated in a 1 mM solution of the fluorescent 
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dye Alexa Fluor® 350 succinimidyl ester overnight. Stained hydrogel samples 
were gently rinsed.  
 
4.3.7. Photopatterning experiments  
Patterning of the PEI hydrogels was performed using the inverted Leica TCS 
SP5 microscope equipped with a multiphoton laser source covering the 
wavelength range 680-1000 nm. A 40× water immersion objective (Leica 
HCX PL APO CS 40×/1.10 W UV and Leica HCX IRAPO L 25×/0.95 W) 
was used. Experiments were conducted at 20 °C with the hydrogel material 
sealed in a closed cell of PDMS and glass coverslips to prevent water 
evaporation. Before investigations under the microscope, hydrogel samples 
were left to equilibrate in the probe solutions overnight at room temperature. 
The following probes were used: 6 fluorescein free amine group, 
methacryloxyethyl thiocarbonate rhodaamine B, Alexa Fluor®350 carboxylic 
acid succinimidyl ester, ATTO 647N with free COOH, free amino group, 
biotin-COOH, biotin-NH2 and RGD. Biotin detection after photopatterning 
was revealed by fluorescent assay using streptavidin labeled with ATTO 
647N. The images were analyzed with ImageJ software (U.S. National 
Institutes of Health, http://imagej.nih.gov/ij/) to compare fluorescence 
intensities in different region of interests (ROI) after photopatterning. 
 
5.4. Result and discussion 
 
5.4.1. General synthetic scheme 
Polyethyleneimine (PEI) is a cationic polyelectrolyte containing a large 
number of secondary and tertiary amines. PEI macromolecules and its 
derivatives have been predominantly used as non-viral gene carriers because 
they form stable complexes with nucleic acids by electrostatic interactions.15-
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16
 Supramolecular PEI-MA hydrogels were prepared from partial 
methacrylation of branched PEI (Mw ∼ 25 kDa) followed by several 
purification steps. A schematic of the hydrogel synthesis from reaction of 
branched PEI with bifunctional methacrylic anhydride (MAAH) in 
dichloromethane is illustrated in Figure 5.1.a. In our approach, we control the 
self-assembly properties of branched PEI by reducing the electrostatic 
surface charge of the macromolecules while adding terminal hydrophobic 
moieties that drive and sustain the formation of the hydrogel network as 
illustrated in Figure 5.1.b. More important, the methacrylation process 
confers photosensitivity in the near-IR range to the hydrogel material as 
illustrated in Figure 5.1.c.  
 
 
 
Figure 5.1. - Preparation of photoactive supramolecular hydrogels by methacrylation of branched 
PEI: a) reaction scheme of branched PEI (Mw ∼ 25 kDa) with methacrylic anhydride and 
triethylamine in dichloromethane; b) photograph of PEI-MA hydrogel after swelling in water 
overnight; c) laser patterning. 
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5.4.2. Hydrogel characterization  
The modified PEI macromolecules were characterized by ATR-FTIR and 1H 
NMR spectroscopy to investigate and quantify the methacrylation process at 
the level of the PEI amine groups. In ATR-FTIR spectroscopy, the spectrum 
of branched PEI in the fingerprint region (Figure 5.2.b) shows typical 
absorbance bands at 1123 cm-1 for C−N stretching vibrations of secondary 
amines, at 1298 cm-1 for C−N stretching vibrations of primary amines and 
CH bending vibrations, at 1458 cm-1 for N−H bending of secondary amines 
and CH2 scissoring vibrations, and at 1585 cm-1 for N−H bending vibrations 
of primary amines.17-18 After reaction with methacrylic anhydride, the 
appearance of strong absorption bands in the region 1600−1700 cm-1 and at 
1542 cm-1 indicate formation of amide groups. The peak at 1652 cm-1 and 
1615 cm-1 can be assigned to the C=O stretching vibration of the amide 
groups (amide I band), whereas the peak at 1542 cm-1 is related to the C−N 
stretching vibration (amide II band). FTIR measurements also show a 
decrease of the absorption bands at ∼1300 cm-1 and at ∼1100 cm-1 after 
reaction, which confirms that methacrylation occurs at both primary and 
secondary amines of PEI. Next, we investigated the extent of the PEI amines 
methacrylation using NMR spectroscopy. The relative ratio of the different 
amine functional groups in the commercial PEI starting material follows the 
ratio of 31% primary, 39% secondary and 30% tertiary amines, as determined 
from 13C NMR analysis previously.19 This ratio corresponds to a branching 
factor (% secondary / % tertiary amines) of 1.30, meaning that nearly every 
second nitrogen forms a branch. After chemical modification of PEI with 
methacrylic anhydride, we determined the extent of secondary and tertiary 
amide formation by 1H NMR analysis using a procedure adapted from the 
literature,14 in particular by analysis of δ 1.70-1.75 peaks corresponding to 
methacrylated secondary amines [−NH−COC(CH2)CH3] and δ 2.0-2.1 peaks 
corresponding to methacrylated tertiary amines [>N− COC(CH2)CH3] 
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(Figure 5.2.a). From this analysis, it was determined that the overall 
methacrylation extent of branched PEI amines amount to 25.3%, and that PEI 
primary amines undergo methacrylation to a lower extent (30%) than 
secondary amines (41%) when reacting under our protocol conditions. This 
asymmetry in the reactivity of PEI amines is a relevant feature for the self-
assembly of the modified PEIMA macromolecules into an hydrogel network, 
as the hydrogen bonding interactions at the level of methacrylated secondary 
amines [−NH−COC(CH2)CH3] contributes to sustain the hydrogel structure 
in water.  
 
Figure 5.2. a) 1H NMR spectra at 700 MHz of methacrylated branched PEI in D2O at 25 °C. The 
peaks at 2.5-3.0 ppm were assigned to protons of PEI backbone, the characteristic peak at 1.70-1.75 
ppm (a) to methacrylated secondary amines [−NH−COC(CH2)CH3] and the peak at 2.0-2.1 ppm (b) 
to methacrylated tertiary amines [>N− COC(CH2)CH3].  b) ATR-FTIR absorbance spectra of dried 
PEI and methacrylated PEI (PEIMA) collected under ambient conditions. 
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4.4.3. Swelling behavior 
Methacrylated PEI- macromolecules self-assemble in water to form a 
supramolecular hydrogel material characterized by an equilibrium swelling 
factor Ws/Wd of 20.6, which corresponds to a water content value of 95.1 
wt%. Due to their large water retention, these hydrogels show promising 
features in terms of biocompatibility for potential biomedical applications.20-
21
 The self-assembly of the modified macromolecules in water into 
supramolecular structures is driven by a delicate balance between association 
interactions and repulsive interactions.22 The high swelling values are also 
consistent with a significant charge density that is present on the PEI network 
after methacrylation at the reaction conditions that we use. By linking 
reaction conditions to the hydrogel charge density and to the methacrylation 
extent of the primary and secondary amines, superabsorbent hydrogels with 
controlled water retention properties can be synthesized. 
 
4.4.4. Morphological evaluation 
The microstructure of PEI-MA hydrogels was investigated at various xy 
planes within the sample by laser scanning confocal microscopy using the 
amine-specific fluorescent dye Alexa Fluor®350 succinimidyl ester (Figure 
5.3.a-f). After equilibrating the hydrogel in water for several days, z-stacks of 
10-µm-thick sections of the material were acquired, revealing the presence of 
large interconnected pores within the hydrogel structure. The large open-
network porosity is of the order of several 100 µm, making these hydrogels 
particularly suitable as cell microenvironments.  
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Figure 5.3. - Confocal fluorescence microscopy images (left panels) and white light transmission 
images (right panels) showing the porous microstructure of the supramolecular PEIMA hydrogel 
labeled with Alexa Fluor® 350 dye. The sequence shows a z-stack of 10-µm-thick sections across 50 
µm of hydrogel sample. All scale bars are 100 µm. 
 
4.4.5. Photopatterning experiments 
The two-photon-triggered patterning of the PEI-MA supramolecular hydrogel 
is demonstrated in confocal microscopy experiments using wavelengths in 
the 680-1000 nm range. Several molecular probes with various functional 
groups, with and without fluorescence properties, were tested during the 
experiments. The hydrogel samples were immersed in water containing the 
dissolved probe for several hours before the photo-conjugation experiments. 
Figure 5.4. shows the results from the direct photo-conjugation of PEI-MA 
hydrogels to several fluorescent probes using two-photon laser irradiation. As 
reported in the literature, the fluorophores can be excited at resonance 
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causing photobleaching and attachment for passive substrate preparation via 
a mechanism involving for example oxygen or radical formation.4, 23 We used 
this method to exploit photobleaching of fluorescent molecules to generate 
patterns and concentration gradients with submicron spatial resolution. In our 
cases, we observed that photobleaching of fluorophores also generated non 
fluorescent pattern on hydrogel surfaces. We also demonstrated that several 
fluorescent probes with opportune chemical groups were useful to give 
photopatterning. Therefore, we verified that only molecules having 
carboxylic groups and their derivates, and hydroxyl groups were able to react 
at the hydrogel interface, probably through radical-mediated photocoupling 
reaction or Michael-type addition on alkene of the methacrylate groups. As 
negative control, when the gel was immersed in a solution containing 
fluorescent probes such as ATTO 647N free amine group or 5(6)-carboxy-X-
rhodamine were not able to bound to the hydrogels. In particular, for 5(6)-
carboxy-X-rhodamine, even if it presents a carboxylic group in its structure, 
this is a photo-labile group because it is not covalently bonded to molecule 
structure. Thus, it did not show the capability to give patterns on the hydrogel 
and their photo-bleaching was not observable as it was not immobilized.  
Figure 5.5. shows the results from the direct photo-conjugation of PEI-MA 
hydrogels to several non fluorescent biomolecules using two-photon laser 
irradiation. PEI-MA hydrogels can be photo-patterned only in presence of 
molecular probes with free carboxylic acid groups or hydroxyl groups, such 
as biotin-COOH or RGD (Figure 5.5.a-e). When the gel is immersed in a 
solution containing amine-terminated molecules, such as biotin-NH2, no 
patterning is visible (Figure 5.5.b). Control experiments for the hydrogel 
photo-conjugation were conducted in pure water and resulted in the absence 
of any hydrogel patterning after two-photon irradiation at wavelengths of 680 
nm or 1000 nm (Figure 5.6.a-b). Further, in order to assess whether 
modifications at the PEI-MA hydrogel interfaces were induced by localized 
laser heating, we performed patterning experiments in a temperature-
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controlled cell and the hydrogel sample was monitored in time. We found no 
differences in the morphology of the imprinted gel surface up to 30 min after 
the laser writing experiment. Effective biomolecules photo-conjugation 
triggered by the two-photon laser irradiation at the hydrogel surface was 
verified using biotin-COOH as binding probe, and subsequent selective 
recognition of the biotin-patterned hydrogel by streptavidin-labeled ATTO 
dyes. Figure 5.7. shows the results of such experiments with fluorescent 
strep-ATTO-647N that is bound to the photo-patterned biotin-rich area of the 
hydrogel. It should be noted that we selected the ATTO 647N dyes due to 
their cationic nature, so that electrostatic adsorption onto the positively 
charged PEIMA hydrogel could be minimized. As additional investigation, 
selected areas of the PEIMA hydrogel were photo-patterned with the 
carboxylated biotin probe for longer times in order to generate areas with 
higher density of immobilized biotin. After recognition by the streptavidin-
labeled ATTO dye, the hydrogel interface was analyzed in fluorescence 
microscopy experiments. Here the intensity signal from the fluorescent dye in 
the different areas was quantified in grayscale histograms. Results indicate 
that it is possible to control the density of the probe that is photo-conjugated 
to the PEI-MA hydrogel by tuning the exposure time to the near-infrared 
irradiation (Figure 5.7.b2 and c) as well as with different wavelenghts of the 
laser source (Figure 5.8.). It is the first time to our knowledge that two-
photon 3D patterning has been demonstrated on a highly hydrated self-
assembled matrix such as that of the PEI-MA hydrogels, which are 
characterized by water content of about 95 wt%. These photoactive hydrogels 
can thus open new avenues of applications, in particular as cell-instructive 
hydrogels that can be sequentially patterned with 3D topographical cues 
when immersed in solutions of bioactive molecules terminated by carboxyl or 
hydroxyl moieties. Previously, two-photon absorption photolithography has 
been used to create 3D bioactive patterns of integrin ligands and signaling 
factors in PEGDA hydrogels.24-25 Under laser irradiation and favored by the 
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basic environment of the PEI-MA hydrogel, a Michael-type addition reaction 
between the hydroxyl group of the molecular probe and the carbon-carbon 
bond of the methacrylate functional groups on the hydrogel surface occurs. 
Unlike previously reported Michael-type reactions,26 however, the photo-
sensitive reaction that we observe on the PEI-MA hydrogels is induced by 
near-infrared radiation (680-1000 nm) and requires no additional 
photoinitiator in solution. The versatile PEI-MA hydrogels can be patterned 
in the presence of molecular probes with free carboxylic acid groups and 
their activated substitutions (e.g. succinimidyl ester), as well as free hydroxyl 
groups. In the first case, the formation of a covalent bond between the 
deprotonated carboxylic acid groups of the probe and the backbone amine 
groups of the PEI hydrogel is the most favorable mechanism. In fact, this 
binding is initiated by the high energy of the multiphoton laser irradiation, 
and it offers a clean and efficient alternative to currently available 
conjugation strategies,27-28 such as those based on EDC/NHS activating 
systems. On the other hand, in the presence of hydroxyl-terminated 
molecules the hydrogel basic environment favors the addition reaction of the 
deprotonated -OH or radical -ȮH groups with the double bonds available on 
the modified PEI hydrogel to favor  metal-free click-chemistry reactions.29 
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Figure 5.4. – Fluorescence and white light trasmission images of photopatterning by two-photon 
near-IR activation at λ = 1000 nm. Left: fluorophores photobletching, right: direct photopatterning of 
PEI-MA hydrogels in solutions. a) methacryloxyethyl thiocarbonate rhodaamine B shows labile 
photobleaching and pronounced pattern, b) Alexa Fluor®350 carboxylic acid succinimidyl ester 
shows pronounced photobleaching and pattern, c) 6 aminofluorescein shows labile photobleaching 
and pattern probably due to low yield of Michael-type addition and d) ATTO 647N free carboxylic 
group shows resistance to photobleaching but exaltation of fluorescence of the  dye bound in 
pronounced pattern.   
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Figure 5.5. - Top: white light transmission images of direct photopatterning of PEI-MA hydrogels in 
solutions of (a) biotin-COOH and in comparison with experiments in (b) biotin-NH2 solution where 
no patterning can be observed. Bottom: white light transmission images of direct photopatterning of 
PEI-MA hydrogels in solutions of RGD. c) Hydrogel surface without photoactivation, b) direct 
photopatterning and c) direct photopatterning of hydrogel at micro spatial resolution. 
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Figure 5.6. - White light transmission images of PEI-MA hydrogel in  solution without functional 
probes. No imprinting is visible before and after multiphoton laser irradiation at wavelengths of 680 
nm (top) and 1000 nm (bottom). Scale bars are 100 µm.  
 
 
Figure 5.8. - Fluorescent images of direct photopatterning of PEI-MA hydrogels in solutions of  
biotin-COOH  by two-photon near-IR activation at λ= 680 nm and 1000 nm and recognition of the 
biotin-patterned hydrogel interface with fluorescent streptavidin (strep-ATTO-647N). Image shows 
fluorescent intensity relative to  photoactivation with different wavelenghts of the laser source. 
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Figure 5.7. - White light transmission images of direct photopatterning by two-photon near-IR 
activation at λ = 1000 nm of PEI-MA hydrogels in solutions of (a, b and b1) biotin-COOH; a1, a2 
and b2) fluorescence images and sequential patterning of PEI-MA hydrogels with biotin-COOH and 
recognition using strep-ATTO-647N; c) grayscale histograms corresponding to fluorescence 
intensities from selected ROIs (70×70 µm2) showing the effect of the additional patterning on the 
intensity signal from the fluorescent dye. 
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5.5. Conclusions  
 
In conclusion, we have prepared a novel supramolecular hydrogel that self-
assembles from methacrylated branched PEI and where three-dimensional 
patterns of functional molecules can be permanently written using two-
photon laser irradiation. The PEI-MA hydrogels present several advantages. 
First, they can be patterned under near-infrared radiation without the use of 
additional photoinitiator molecules, which are often not biocompatible and 
cytotoxic. In addition, they represent a versatile platform for the facile and 
rapid patterning of several types of probes as RGD peptide. Our confocal 
microscopy experiments show that bioactive molecules with free carboxylic 
acid groups, as well as free hydroxyl groups, can be used for the patterning of 
these hydrogels. The entire process is completed within few minutes and can 
be reiterated with solutions of different probes to create multifunctional 
materials with programmed patterns on the microscale. The novel PEI-MA 
hydrogels represent an efficient and versatile platform for the creation of 
three-dimensional patterned structures with immobilized bioactive cues with 
microscale resolution. We can anticipate that cell-active topographic features 
with well-controlled architectures can be delivered to these hydrogels on 
demand, leading to the fabrication of multifunctional cell-instructive 
materials at the point of use.  
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6. CONCLUSION 
(...reaching the aims) 
 
In the first part of the PhD project is been designed and synthesized a novel 
biomedical device able to operate as wound dressing after surgical or 
accidental damage of human derma and cornea of the eye. DVS crosslinked 
hyaluronic acid microbeads were prepared simultaneously combining single 
emulsion technique and crosslinking reaction. Microbeads prepared with 
different crosslinking were decorated on their surfaces with a peptide able to 
recognize specific molecular target on tissues. The peptide from fibronectin 
isolated since 1984 resulted to be selective and specific for collagen type I 
binding-sites. In this study, to improve peptides mobility, spatial control and 
distance from microbeads surface, the peptide sequence is been extended 
with spacer PEG-based at N-teminal region.  
Interesting goals have been achieved: 
• Preparation of a mimetic materials, having microspheres form (cMB-
CIFB), capable to gloss over a specific rule. Microbeads resulted to be 
able to recognize in selective and specific manner collagen type I in 
biological tissues as derma and cornea of the eye. 
• These microbeads HA-based are able to assemble in continuous layer 
when were instilled on surfaces of damaged tissues. This layer comes 
from microbeads deformation and HA layer thickness results to be 
correlated to crosslinking degree and forces exerted by peptides.  
• HA layer is originated by many deformable spherical entities. The 
assembling of these micro-particles is responsible of a continuous 
layer formation and the recognition interactions are responsible to 
firmly hold the layer on tissue.  
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• This novel qualified material finds useful medical application in 
clinical post surgery recovering when collagenous tissues are been 
damaged by surgical and accidental trauma. 
• This novel device results to be able to explain corneal wound dressing 
as temporary substitutes of epithelium and having behavior for cells 
guidance in tissue regeneration.  
In second part of this PhD project, are been designed and synthesized novel 
supramolecular hydrogels based on PEI branched modified on primary and 
secondary amines with methacrylic groups. Five supramolecular hydrogels 
PEI-based are been investigated and chemically characterized. PEI-Ma 
building blocks are capable to form a supramolecular network, self-
assembled in hierarchical architectures. The supramolecular nature of 
hydrogels prepared was verified by 1H-NMR analysis from absence of 
crosslinking pick evidence and by fluorescence microscopy verifying that the 
assembling of PEI gels structure resulted different under temperature 
variation. PEI-MA hydrogels swollen in large extend of water and swelling 
properties can be modulated by amount of methacrylic groups introduced. 
Furthermore PEI Hydrogels resulted to be pH responsive materials.  
Interesting goals have been achieved: 
• Hydrogels showen periodic properties as verified by 1H-NMR 
analysis due to different contributes in terms of chemical 
modifications.  
• In the used reaction conditions the methacrylation of the starting 
PEI branched material was be more predominant on secondary that 
primary amines. 
• The swelling factor depended by secondary and tertiary 
methacrylated amines ratio and the maximum of swelling factor 
was observed for PEI-MA 4 when amines methacrylated ratio was 
of 8:15.  
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• The different methacrylated degree is correlated to morphological 
aspects in terms of pore and channel sizes.  
• Hydrogels have a predisposed ability to entrap and release plasmid 
supercoiled of 2800 pb without denature the DNA structure.  
• The entrapping kinetic shown for PEI-MA 4 a rapid DNA 
absorption up to 14 µg per mg of dried hydrogel in 60 minutes.  
• The releasing kinetic resulted to be influenced by diffusion 
mechanism due to plasmid size.   
• Hydrogels have a predisposed ability to be tree-dimensional photo-
patterned under near-infrared radiation without the use of 
additional photo-initiator or activator.  
• Hydrogels shown a rapid photo-patterning of several types of 
biological probes as RGD peptide and biotin, extensively at the 
biomolecules that contain in their chemical structures free 
hydroxyl and carboxylic active groups.  
• The entire patterning process can be completed within few minutes 
and can be reiterated with solutions of different probes to create 
multifunctional materials with programmed patterns on the 
microscale.   
• Supramolecular hydrogels PEI-based could represent a 
sophisticated potential platform where the function, activity and 
mobility of biomolecules can be manipulated for significant 
advances in bio-nanotechnology and nanomedicine. 
•  Cell-active topographic features with well-controlled architectures 
can be delivered to these hydrogels on demand, leading to the 
fabrication of multifunctional cell-instructive materials at the point 
of use.  
 
